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In  Hie  field  of  industrial  refrigeration,  the  heal  input  required  to  defrost  colls  within 
freezers  is  utilized  in  three  pans.  The  first  pan  will  be  used  to  mclf  the  frost,  while  the 
second  part  warms  the  metal  of  the  coil  and  its  couienis.  The  latter  pan  will  be 
iransfened  to  the  lefrigetant  when  the  evaporator  switches  from  the  defmsdng  mode  to 
Ihe  neat  refrigeration  mode.  The  third  pan  of  Ihe  defrost  heat  input  transfers  into  the 
freezer  space.  The  second  and  third  pansrepresentihedefrosiheailoadsafTecting  the 
refrigeration  system. 

The  heat  loads  assodaied  with  defrosting  of  coils  have  not  been  fully  quantified  as 
a function  of  the  variom  parameters  which  affect  the  system.  The  current  rale  of  thumb  is 
to  simpjy  assume  that  the  coil  defrosting  load  added  to  the  fan  heat  exceeds  15%  of  the 
net  refrigeration  load  with  no  clear  direction  as  to  how  a designer  may  determine  what  the 
actual  defrosting  load  may  be. 


[n  (his  icsesrch.  a mcihod  is  outlined  for  detenDiniiig  and  quamifying  (he  beat 
loads  associaied  with  freezer  coil  defrosting  using  the  hot  lefiigeram  vapor  defrost 
method.  This  dissertation  will  outline  Ihis  method  in  detail.  It  will  also  describe  an 
experimental  lest  facility  which  was  designed  and  constructed  for  that  purpose  in  addition 
to  describing  theexperimenial  proceduresemployeduiihe  dalaacqidsitionandteduction 
stages.  Based  on  the  testing  results  obtained  for  several  CoS  entering  air  dry  bulb 
temperatures  (EAT),  the  defrost  heal  load  Is  found  to  be  in  a good  order-of-magnitude 
agreement  with  the  1 S%  rule  of  thumb. 

The  dissertation  also  examines  the  lime*dependeni  dynamics  of  a 
mfrigeraiion/de&osi  system.  This  involves  (he  delicate  task  of  generating  time  pmflles  of 
a host  of  variables  which  are  bound  to  change  as  the  system  cycles  from  the  refrigemhon 
mode  to  the  defrosting  mode  and  back  to  the  mfrigeraiion  mode  again  several  consecutive 
times.  A visualization  study  of  frost  formation  at  freezer  lemperarures  is  also  described  in 
Ibis  dissenaiion.  This  study  is  intended  to  provide  a qualitadve  assessment  of 
psychronteiric  processes  typically  encountered  in  irue-lo-ilfeindusiriBl  freezers.  Last  but 
not  least,  the  dissenadon  describes  a maihemaiical  model  for  predicling  the  evaporation 
and  sublimation  rates  on  a frosted 
coil. 


I cylindrical  coil  cooler  during  hot-gas  defrosting  of  the 


CHAPTER  1 
INTRODUCTION 

1.1.  Backeround 

When  lefrigenmi  freezer  coils  (unil  coolers)  are  exposed  lo  tooisl  air  condidons 
due  10  infiltraiion,  doorways  aod  other  fonns  of  exiemai  exposure,  frost  forms  on  the  coil 
surfaces.  This  frost  is  denimenial  lo  the  thermal  performance  of  the  coils  and  needs  to  he 
periodically  cleared.  A variety  of  meihods  are  used  to  clear  the  frost  buube  more 
common  type  is  the  "hot-gas  defrost"  where  Uie  hot  refrigerant  vapor  from  the 
compressor  discharge  flows  through  the  coil,  raises  the  coil  temperature  and  iherehy 

The  heat  loads  associated  with  defrosting  of  the  coils  have  not  been  fuUy  quaotiited 
as  afunctionof  the  various  parameteis  which  affect  the  system.  The  current  rule  of  thumb 
is  to  simply  assume  that  the  coil  defrosting  load  added  to  the  fan  heat  exceeds  lS%oflhe 
net  refrigerairon  load  with  no  clear  direction  as  to  how  a designer  may  determine  whai  the 
actual  defrosting  load  may  be. 

This  disserutlon  explains  the  rescareb  conducted  in  order  to  experimenUtUy 
investigate  the  frosting  and  defrosting  of  firuicd-tube  evaporator  coils  at  freezer 
temperatures.  This  research  was  sponsored  by  ASHRAE  under  contract  number  RP-622, 
and  represents  the  first  phase  of  a projected  multiphase  investigation  on  refrigerutton  in 
low  tcmperaiure  environments.  The  perfoimed 


research  outlines  a method  fo 


lining  andqunntifying  i 


tnih  freezer  coil  defrosting  using  Uie 


hot  tefrigerani  vapor  dtrfrou  method.  The  dLssenniion  vrill  outline  details  of  Ihe 
expcrimemal  facility  along  vrith  the  insuuineniation  and  daut  acquisition  sysums 
employed.  It  will  also  outline  ihe  lesiing  procedures  employed  and  daia  reduction 
methodology  used.  qualiTtcaiion  teals  performed,  the  dynamics  of  the  refrigeradon/defrost 
cycle,  and  the  analysis  of  defrost  loads.  Finally,  a vistializalion  study  of  &osi  formation  at 
freezer  lemperaiuies  is  also  described  uuhis  dissenaiion.  The  Inner  study  is  intended  to 
provide  a quaJitadve  assessment  of  psychiomeiric  processes  lypicaUy  encountered  in  irue- 
lo-life  indusuial  freezers. 


There  has  been  considerable  araormt  of  work  done  inrhe  area  of  frost  formation 
and  defrosting  in  heat  exchange  equipmem.  While  lire  coils  of  specific  interest  in  this 
research  are  fteezer  coils  used  in  the  le&igetarion  industry,  coil  frosting  is  also  a problem 
faced  by  the  aircondltioninglndusiry-heatpumpsiD  bemorespecific.  There  appears  to 
have  been  more  work  done  in  teladon  to  heal  eschangers  used  more  commonly  in  the  air 
condidoning  Industry  - heal  pumps  and  high  fin  density  tube  fin  heat  exchangers 

Previous  studies  on  frosdng  in  fumed-uibe  best  exchangers  have  been  desenbed  by 
Kondepudi  and  O'Neal  (1987)  in  which  only  a handful  dealt  wiih  coils  with  large  ftn 
spacings  similar  lo  those  in  freezer  coils.  Kondepudi  (I988|and  KondepudiandO'Neal 
(1988.  1989a,  1989b.  1989c,  1990.  1991s  1991b)  also  did  their  own  studies  on  the 
ibeimal  effects  of  frosting  for  a variety  of  fin  surfaces-smooih.  wavy,  comigaied  and 
louvered.  They  found  that  the  general  observadons  of  performance  dcreriotadon  as  a 


lesuli  of  frosi  were  mic  only  If  the  air  flow  raiu  waa  allowed  to  dwindle  with  the  inoease 
in  pressure  drop.  If  the  airflow  was  inainiaincd  consiam.  (heie  was  little  appreciable  drop 

Other  investigators  who  have  studied  the  effects  of  frosting  on  coils  with  large  fin 
spaces  include  Sanders  (1974).  Niederer  (1976).  Stoecker  (1957.  1960).  Hosoda  and 
Uzuhashi  (1967).  andGaichiJovand  lvanova(1979).  These invesugatois eaamined  coils 
with  fin  densities  ranging  from  2 to  8 fins  per  inch  and  mainly  deall  wiih  the  heal  transfer 
and  pressure  drop  aspects  of  Ihe  frosting  process.  More  recently,  Smith  (1989)  snalyzed 
cooling-coil  load  calculations  at  freezer  temperatures.  His  analysis  was  based  on  the 
psychrometrics  at  low  temperatures,  the  entering  air  and  teftigerani  temperamres  and 
sensible  heal  ratio.  He  recognized  the  need  for  and  suggesied  that  more  smdies  on  the 
evaluation  of  cooling-coil  petfotmance  under  a full  range  of  sensible  heal  taiins  be 
perfonned. 

While  the  aforameniioDed  studies  are  very  importani  in  that  they  help  esiablish  a 
more  fundamental  basis  as  to  the  thermal  and  airside  pressure  drop  characieristics  of  the 
frost  fonnaiion  process  on  the  coifs  along  wiih  die  faciorsaffecting  frost  foimaiion  and 
the  effects  of  fin  geometry  on  the  frosting  process.  Ihey  do  noi  address  the  heat  loads 
associated  with  defrosting  the  coils  themselves.  Among  die  invesligaiois  who  examined 
defrosling  of  freezer  coils  are  Kerschbaumcr  (1971),  Niederer  (1976).Sloeckeretal 
(1983).  Coley  (1983)  and  more  recenUy  Cote  (1989).  Niederer  (l976)atiempiedlo 
determine  die  amount  of  heat  required  for  defrost  by  measuring  the  amount  of  hot-gas 
condensing  and  the  power  (ItW)  input  during  the  defrost  cycle.  He  found  that  only  15  to 
25*  oftheiotal  heat  weni  to  meli  the  frost.  He  observed  that  die  remaining  75  to  85*  of 


ihe  coU/cattoei  siufacu. 


Kuuhbaumer  (1971)  deruic4  ihedefrosiefficiency(r|[))U)  bcUieraiioodhe  ioiaI  heal 
required  to  melt  ihe  fnisi  alone  (including  sensible  wanning)  to  Ihe  total  amount  of  defrost 
heal  inpui  (including  any  refrigeration  load  effects).  Stoeckeretal.(19S3)conducleda 
study  which  considered  the  e^eci  of  hot-gas  defrost  in  industrial  refngeration  systems. 
They  presented  an  iiemizaUon  of  the  vanous  components  which  were  heated  by  the  hot- 
gas  defrost-melting  of  the  frost  and  wanning  of  the  coil  surfaces  (fins  and  tubes) 
themselves.  The  component  of  the  load  which  heats  the  coiJ  meiol  surfaces  themselves  is 
imponant  in  that  when  the  system  goes  back  into  the  refrigetaiion  mode,  the  surfaces  need 
to  be  cooled  down  again,  thereby  representing  an  addiUauil  load  on  the  refrigeration 
system. 

Coley  (1983)  suggested  thatduring  a defrosi  cycle  in  freezers,  at  least  1S%  of  the 
frost  sublimes  (direedy  tmruforms  into  vapor)  imo  the  surrounding  refrigerated  air  space. 
This  represents  an  addidonal  amount  of  load  to  be  subsequently  removed  by  fumre 
refrigeration  cycles.  CoIe(l989)showed  dial  CoIeys(19g3)assenit)ns  were  valid  with 
data  presented  by  Stoecker  ci  al.  (1983).  He  presented  data  obtained  from  a manufacuiret 
which  gave  a breakdown  of  Ihe  various  heat  loads  during  typical  defrost  of  an  ammonia 
based  unit.  He  also  presented  a gmphical  analysis  of  Ihe  esBrnated  ccets  associated  with 
coil  defrosting. 

In  summary,  previous  sludies  have  established  ihe  various  parameiers  which  affeci 
frosting  nnd  defrosting  of  coils.  Some  have  concerned  themselves  with  the  loads 
associaied  with  defrost,  but  there  has  been  no  fuU-f)edged  study  on  the  latter.  The 
following  general  conclu^ons  can  be  drawn  from  previous  studies: 


.lion  is  delrimcntal  i 


!Of  heal  eiichanger 


'Die  densiiy  of  Uie  trosi  layer  is  coiuianUy  vaiyinj,  approachini  Uiai  of  ice  for  ibe 
lower  seciions  of  the  layer.  This  causes  the  ihenoal  properties  of  the  frost  to  vary. 

A distinction  has  been  made  between  the  more  dense  ice-like  coil  frost  and  Ihe  less 
dense  snow-like  coil  frosl  by  refeiring  lo  ihem  asfavorable  and  unfavorable  frost, 
tespeclively  (SmiUi  1989). 

Coils  with  low  fin  densities  tend  to  perform  better  in  the  presence  of  frost  than  those 
with  high  fin  densities. 

Pressure  drop  across  the  coils  and  hence  the  ”blocka|e  effect"  is  o very  infliieniial 

Louvered  and  waffled  fin  Qpe,t  have  more  frost  accumulation  than  smooth  flat  fin 
types. 

The  latent  coraponem  in  the  energy  transfer  process  during  frosting  is  subslandaL 
There  is  a lack  of  good  compleie  model  which  addresses  the  overall  thermal 
behavior  of  coils  under  frosting  conditions. 

One  of  the  major  driving  factois  in  frost  fotmnilon  in  cooling  coils  is  the  difl’ercnce 
between  enlenng  air  and  coll  refrigerant  temperatures. 

Appronimaiely  15  to  25%  of  die  defrost  heal  input  is  actually  used  to  mell  Ihe  frost, 
with  the  remaimng  energy  reluming  lo  the  refrigcraiion  system  as  additional  load. 

The  two  major  ihennal  loss  mecham.sms  duhng  defrost  are  the  beat  and  mass 


transfer  to  the  air  and  raftigetam  vapor  bypass  as  It  enieis  the  compressor  suction. 


defcosUng  proce$s  impacis  ihe  lefrigersUc 


fully  undetsiood  and  has  not  been  quaniified.  'nien  has  been  no  study  10  dale  which 
clearly  establishes  the  heal  loads  due  to  deftosling  geared  towards  the  design  engineer's 
needs.  A set  of  design  loois  which  clearly  correlates  the  various  loads:  sensible  beat  rado: 
refrigerant,  coil  surface,  and  air  lemperalures:  and  air  humidity  is  yet  to  be  developed  in  a 
clear  and  simple,  easy  to  use  manner.  It  is  hoped  that  the  wort:  pctfomied  in  this  lesearch 
will  provide  the  necessary  direction  and  basis  for  Ihe  development  of  such  design  tools. 


Retd  observations  of  the  perfomance  of  evaporator  coils  employed  in  industrial 
freerers  suggest  that  the  beat  loads  created  by  the  refrigeratiag  eqrripmeni  in  the  process 
of  extracting  moisture  from  air  at  freezer  temperatures  are  significantly  larger  than  the 
latent  heat  gain  from  which  die  moisture  results  (Smith  1992).  These  observations  also 


than  all  other  componenisof  the  total  refrigeration  load-  The  latter  load  components  are 
the  transmission  load,  product  load,  internal  load,  and  the  infiltration  load.  Rules  of  thumb 
pertaining  id  estimaiing  Ihe  magnitude  of  ihe  differem  load  componcnls  cxisi  (ASHRAE 
1994).  However,  these  rules  of  thumb  do  not  account  for  die  psychroraeDic  condilions 

prevailing  in  the  freezer  during  both  the  refrigeration  and  defrtsi  portions  of  Ihe  complete 
refrigeration/defrosi  (R/DI  cycle.  Apparentiy,  the  refrigeration  indusiry  decided  years  ago 
that  applied  psychromemes  of  air-cooling  processes  could  safely  be  ignored.  For 
example,  Smiih  (1992)  reports  that  the  refrigeration  indusuy'sdecision  may  have  been 
justified  at  the  time  because  the  laieai  heai  gain  in  slorage  freezers  of  ihe  day  lendcd  to  be 


that  these  ecfuipn 


eclated  loads  (defrost  beat  loads)  may  sometimes  be  larger 


When 
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need  for  aecuuming  forps 


I may  have  been  neghiible. 


these  storage  freezers  evolved  into  disiribuiion-type  freezers  with  heavy-usage 
doorways  whh  the  assocraied  tncreasc  in  rnftlirairon  air.  ihe  latent  heal  gain  leaded  to  be 
major  and  the  psyrthromeuic  effects  throughout  the  complete  R/D  cycle  became 
important. 

Additiorial  field  observaiions  in  indusuial  freezers  with  high  latent  heat  load 
components  suggest  that  Ibe  nature  of  tbe  frost  forming  on  freezer  coils  do  affect  tbe  heat 
required  to  defrost  the  coil.  Whenvraniierandmotehumtdouter-rnotDairmueswith 
much  colder  and  much  drier  freezer  air  in  the  ftriezer  temperature  range,  the  air-mixing 
procc.s5  line  is  likely  lo  invade  tbe  siipeisaturaied  zooe.  This,  in  uim.  results  in  tbe 
formation  of  airbonre  ice  crystals  which  if  precrpilaied  on  Ore  coil  would  result  in  snow- 
like  ftosL  This  type  of  frost  has  poorer  thermal  conduction  properties  than  the  ice-like 
frosi  which  ncrmaJly  forms  if  the  air-mixing  process  line  did  not  invade  tbe  supersaturated 
ztHte.  Thus,  one  of  the  issues  that  needed  to  be  resolved  in  this  research  project  was 
providing  some  additioaaJ  insigbi  into  the  defrost  heat  gain  in  freezer  coils  and  the 
intetrelatioRship  with  applied  psychiomeihcs.  This,  coupled  with  tbe  need  to  understand 
tbe  dynamic  narute  of  Ibe  lebrgerationfdcfrosi  cycle,  and  the  analysis  of  tbe  dinerenl  load 
components,  exemplified  the  rationale  behind  performing  the  research. 


The  objective  of  this  research  vrasio  obtain  quantitative  and  reliable  data  on  the 
heal  loads  associated  with  defrosting  a freezer  coil  of  frequently  used  design  employing 


[be  boi-gae  le&igeram  metbod.  li  was  iiiieaded  i 


which  arc  rcpiesemaiive  of  (rtic-io-lifc  operaujii  conditions  of  freezers  in  the  field. 

The  scope  and  emphasis  of  Ibis  research  was  lo  perform  die  following  tasks: 

1-  Building  a liquid  overfeed  refrigeraiion/dcfrosc  system  capable  of  operating  under 
irue'lO'life  condidons  of  industrial  freezers  in  the  field. 

2-  Instrumeodng  the  system  along  with  designing  a data  acquisition  system  in  order  lo 
obtain  quantitative  and  reliable  data  requited  for  [be  load  calculations. 

3-  Operating  the  system,  collecting  data,  and  analyzing  tbe  heal  loads  associated  with 
defrosting  the  evaporator  coils  for  sevtiul  complete  runs  of  typical  values  of  coil 
enienng  air  dry  bulb  lemperatute  (EAT)  in  the  range  of  O'F  to  -20*?.  where  a 
complete  run  of  the  system  consists  of  three  consecutive  mCrigeralion/defrost 
(known  as  R/D)  cycles. 

4-  Studying  the  dynamics  of  the  lefiigeraiion/defiDst  system  for  the  complete  S/D 
cycle.  Esamination  of  the  dynamics  of  a refrigeraiion/dehost  system  involves  the 
delicate  task  of  generating  time  proxies  of  a host  of  vorinbles  (such  as  te&igemnt 
tetnperuiutes  and  pressures  and  air  temperatures)  which  are  bound  to  change  as  the 
system  cycles  from  Ihe  refrigeration  mode  lo  the  defrosUng  mode  and  back  to  tbe 
refrigeration  mode  again  several  consecutive  times. 

5-  Performing  a visualization  study  of  frost  formation  ai  freezer  temperatures.  This 
task  is  qjeeifically  designed  to  provide  a qualitative  assessment  of  psychromettic 
processes  typically  found  in  industrial  Qeezets.  L^oraiory  simulation  of  air-mixing 
and  air-cooUng  processes  at  freezer  temperatures  should  help  un&rstand  the 


psychrometric  is 


associated  with  {^rating  industrial  distribution  freezers ' 


corresponding  high  leieni  load  componeni  associaied 


CHAPTCRa 

EXPERIMENTAL  FACILrrY 

The  purpose  of  ihis  chapter  is  to  provide  a description  of  the  eiperlmentnl  facUicy. 
In  its  simplest  form,  the  lest  facili^  is  comprised  of  a refrigermion/defrosi  system 
cntsisUitg  of  a cortdenslog  ttnii,  auxiliary  and  tesi  fan-ccil  units,  and  refrlgetaiion  piping 
and  teiaied  components  (load  conipensation  unit,  surge  drum,  oil  capturing  system.  lUptid 
pump,  etc.)  and  anairdistribubonsystemcoitsistingofapsychromelrlcfrceairroom.  an 
air  distribution  diffuser,  ducts,  and  an  attiricial  load  generaiioo  system  (sensibie  heat 
generator  and  water-vapor  generau^).  In  what  follows  more  detailed  desenptions  of  tbe 
aforementioned  systems  will  be  provided. 

2.1.  Reffieeraunn/Defrost  System 

The  lefiigetation/dcftosi  system  has  been  designed  to  provide  the  some  refrigerant 
and  air-cooling  conditions  that  are  found  in  a real-life  industrial  freeaer.  The  top  feed  hot- 
gas  defmsting  melhod  is  used  in  this  sysrent  since  it  is  one  of  the  most  popular  methods  in 
the  re&tgeraiion  inditsny.  This  task  is  very  important  since  the  testing  required  must 
project  what  is  happening  inside  an  acitiaJ  industrial  freezer.  The  system  consists  of  a 


drawings  showing  different  i 


• of  the  refrigeraiionfdeftost  systeti 


in  Fi|urc5  2.land2.2.  The  coils  used  in  Uie  two  fui*coii  units  are  idenocal  u>  those  used 

in  industry. 

2.1.1.  Condensing  Unit 

The  condensiiij  unit  employed  in  this  invesdgaiion  is  a R-22 
(Chlorodinuotomcihane;  CHClFi)  packaged  Krack  unit  (model  numbes  KBD1SL2K33E). 
which  is  a vertical  discharge  air-cooled  condensing  unit.  A picture  of  the  condensing  unit 
can  he  seen  in  Figure  2.3.  Theuniiisdesignedforlowiempeiauire  applicadons  ranging 
front  0°F  to  -40'F  saturated  suctimi  temperature  ((Crack  1992a).  It  is  also  capable  of 
achieving  a cooling  capacity  of  2.6  tons  at -dO*F  saumited  suction  lempcnmirc.  when  the 
ambient  temperature  is  93*F  (Kiack  1992b). 

The  condensing  unit  is  employed  with  a 15^p  Clopeland  compressor  (raorfcl 
number  4DL3-1500-TSK)ihathasfourcylinders.  It  is  also  employed  with  a large  storage 
capacity  liquid  receiver  that  is  c^bleofstoringupto  192 poundsof R-22.  Adetailed 
description  of  the  condensing  unit  layout  and  its  associated  auxiliaries  is  shown  in 
Appendix  A 

2.1.2.  Test  Fan-Coil  Unit 

The  test  fen-coil  unit  (FCTU-T)  is  a liquid  overfeed  recirculating  evaporator  with  an 
overfeed  ratio  of  3.  Itis  this  unit  lhai  has  been  tested  lodeiermine  the  heal  loads  due  to 
coil  hot-gas  defrosting.  TheFCU-Tmanufaciured  byCoimacCoilManufacmring,Inc„is 
a Colmac  4HPI-Speeial  with  a model  number  RB/RTL-21x29-8R-4F-FF-R/U  andis 
designed  to  follow  industry  practice  as  close  as  possible.  This  unit  has  a refrigerating 


12 


13 


anS  a basic  capacity  of  about  330  BbUi/fl’-TD.  where  TD  is 


ihe  di/Terence  between  the  coil  entering  air  dry  bulb  lemperaoire  (EAT)  and  the  coil 
ttWgenim  lempemiurc  (CRT)  leaving  Die  coil  (Smith  1989).  A from  and  bach  view  of 
die  lesi  fan-coil  unii  can  be  seen  in  Rgures  2.4  and  2.3,  it^ciiveiy. 

TIm  coil  finned  tubes  ate  arranged  in  8 rows  in  the  direction  of  air  flow  and  in  a 
staggered  paiiem  of  1.5"x  1.299''.wherethetubematerialiscopperhaving  5/8"  outside 
diameter  and  0.018"  ihickness.  file  (ins  are  made  of  aluminum  and  have  a flat  paiietn 
with  nai  edges.  Ibe  Gns  haveaihichnessof0.01".nodibeirspocingis4finsperinch. 
The  FCU-T  has  a finned  hcighi  of  21"  and  a finned  lengib  of  29". 

Details  of  die  unii  are  shown  in  Figure  2.6  wheie  its  dimensions  are  40”Lx24"W 
X 24-3/4”H.  The  liquid  reftigetani  enters  the  coil  Ihrough  the  lower  l-l/S"OD  liquid 
connection  during  re&igeraiion  and  leavesthecoilas  wetreium  fromdietop  2-l/B"OD 
suction  connecdon.  The  tx^  has  7 feeds  and  16  copper  tube  passes.  The  unit  is  classified 
as  a draw-ihcDughunii(Sloecker  198B)stnccthcfandrawsdieairagainst dteteftigerani 
in  a crossflow  direclion  where  each  fluid  flows  at  tight  angle  to  the  other.  However,  the 
mbes  are  circuiting  in  a manner  that  die  two  fluids  will  approach  in  a counletflow 
heat  exchanger  arrangemeni.  The  FCU-T  is  placed  inside  the  psychrometric  freezer  room, 
which  will  be  described  laier  in  this  chapter,  and  it  is  mounted  on  a metal  finme  reinforced 
ai  die  base  by  using  angle  irons. 

As  seen  in  Figure  2.6,  ihere  are  two  5/8"OD  hot-gas  connecdons  located  at  die 
dtain  pan  of  the  FCU-T.  During  die  hoi-gasderiosiing  mode,  (he  hot-gas  enters  the  unit 
from  die  hot-gas  connection  next  lo  the  liquid  connecdon  and  flows  dirougb  die  six 
copper  tube  passesloeatcdat  dieboiiom  of  dicdrainpan.  The  hoi-gas  dien  leaves  FCU- 
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Figure  2.4.  Front  vi« 


iran-coU  unit(H;U-T) 
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T from  ihe  oiher  hoi-iasconneciion,  where  Uiis  process  is  necessao' “J  remove  ihe  frosl 
lhai  had  acciiniulaied  in  ihe  drain  pan  during  refrigeraUDn.  The  hoi-gas  then  eniera  FCU- 

unil  from  the  iU|uid  connection,  where  Ihis  process  will  remove  the  frost  that  had 
accumulated  on  the  coil  lubes  during  reftigeraiion.  The  frost  removaJ  from  the  drain  pan 
and  Ihe  coil  lubes  wUi  be  iniwo  forms:  melL  and  moisture  that  escapesio  the  space  inside 
the  freeaer  (Cole  1989).  The  it^  hot-gas  feed  method  has  been  used  in  order  to  have  a 
fast  deCrosiing  process  and  to  force  the  oil  from  aceumuJating  inside  the  unit  tubes 
(Refrigerating  Spcclalues  1984).  The  produced  melt  will  leave  the  unit  through  the 
bottom  drain  connection  and  is  then  coUeoed  using  a special  mechanism  that  will  be 
explained  later  in  Chapter  3. 

The  test  fan-coil  unit  is  employed  with  one  fan  that  has  a diameter  of  20"  and  a 
speed  of  107S  rpm  and  isoperaledby  a l/4-hpmoior.  This  unit  has  a face  area  of  4.23 
square  feel  and  a face  velodiy  of  750 feel  per  minute,  while  itscapaeityis  3172 cfm.  The 
fan  maierial  is  aluminum,  while  its  hub  is  steel. 

2.1.3.  Auxiliary  Fan-Coil  Unit 

The  auxiUary  fan-coil  unit  (FCU-A)  wns  assembled  by  HCR.  Inc.,  while  the  coil 
ilsclf  was  manufactured  by  Colmac  Coil  Manufacturing.  Inc.  The  unit  is  designed  id 
collect  all  the  moisture-escape  from  the  FCII-T  when  the  latter  is  operating  under  the  hot- 
gas  delrosiing  mode.  This  unit  conuiins  a coil,  a blower,  two  heater  elemenis  used  (or 
electrical  defrosting,  a light  fixture,  two  duplex  receptacles  and  two  dampers  with  their 
linear  acuiaiors.  These  components  arc  housed  in  an  insulated  sheei-mctal  frame  as 
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shown  in  Fgoie  2.7,  where  the  frame  is  inlenuily  iiuubled  with  1-inch  Ihick  of  Armenen. 
The  PCU-A  frame  panels  and  Iheic  openings  are  shown  in  Figure  2.8  where  die  unii's 
dlmensians  ore  1IS"1.X42.5"W  x 26.S"H  and  die  cui-oui  on  (he  inp  panel  has  been  used 
for  a double  pane  window. 

The  FCU-A  is  placed  on  lop  of  die  psycluomeiric  freezer  ruom  by  a specially 
designed  wooden  frame  suuctuis  as  can  be  seen  in  Figure  2.9.  The  unii  is  moimied  on  die 
wooden  frame  by  six  compression  vibration  insulucrs  from  McMasier-Carr  Suj^ly 
Company  (model  number  64875K79)  dial  are  screwed  in  ihc  wooden  siniciure.  These 
insuloiora  are  made  from  neoprene  rubber  and  each  has  a maximum  load  of  375  pounds 
and  a maximum  deflecdon  of  0. 125”.  This  acdon  has  helped  in  protecUng  Ihe  freezer  from 
die  FCU-A  vibraUons. 

The  FCU-A  is  a draw-ihrough  anil  and  has  a Colmac  coil  (Iiem  4 in  Figure  2.7) 
that  is  identical  widi  die  one  In  die  FCU-T  except  for  the  fan  dial  the  lubes  of  die  FCU-A 
coD  are  cimuiiiog  in  amanner  diaidieheaiexchange  beiweentheairandiherefhgcranl 
wid  approach  dial  of  a parallel  type  heat  exchanger  airangemeni.  The  coil  of  die  FCU-A 
Ls  dcfmsied  electrically  where  die  FCU-A  is  equipped  with  two  defrosting  healer  elemems 
(Hem  3 in  Figure  2.7)  dial  are  located  below  die  coil.  Each  defrosting  healer  element  has 
a power  of  1500  Watts. 

The  unit  is  employed  wiih  one  Dayton  blower  (model  number  5CI98A)  that  hasa 
wheel  of  1 2-5/8”  diameter  and  a width  of  9-  l/2"(liem  1 in  Figure  2.7).  The  blower  is 
operated  by  a 1-hp  motor  mounted  to  the  body  of  the  blower  in  order  to  reduce 
vibrations.  This  motor  operates  at  three  different  speeds.  The  blower  has  a capacity  of 
2780  cfm  when  the  motor  is  operating  at  a speed  of  1075  rpm  (Dayton  1992).  As  can  be 
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Rgurc2.8.  Ejienor panels ofiheFCU-/ 


•ihroughihe  12-I/2-] 
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seen  In  Figuies  2.7  and  2.8, the  blowersuppllesairioihe  freezer 
13-3/4''  supply  air  conneclion,  while  ihe  air  returns  from  die  freezer  to  dieFCU-A 
Uirough  the  14"  a 30"  return  air  conneclion  in  die  bottom  panel. 

Two  Dayton  linear  aciustora  (model  number  4Z843BI  arc  employed  in  the  FCU-A 
llieni  2 in  Figure  2.7).  where  each  linear  actuator  is  connected  to  one  damper.  These 
linear  actuators  are  needed  in  this  unit  In  order  to  open  and  close  the  dampers,  where  the 
two  dampers  are  enclosing  both  the  coll  and  the  light  ftature  compartments.  The  two 
dampens  ace  iigbt<losing  dampers  for  zero  moUnirc-escapc  during  the  FCU-A  electric 
defrosting  mode.  The  linear  actuators  have  a nominal  linear  speed  of  3S  inches  per  minute 
when  the  aj^Ued  load  is  500  pounds.  The  aciiiaiors  also  have  an  adjustable  switch  whicb 
is  used  to  adjust  the  actuator  modon  limiLs  in  both  directions.  The  linear  actuator  motors 
ate  employed  with  dterinal  ove^oad  which  can  open  and  Rutet  auiomiuicaiiy  (Dayton 
5S2709). 

The  FCU-A  will  operate  under  the  refrigetauon  mode  when  it  is  initially  lequired 
10  bring  die  freezer  to  the  needed  testing  conditions.  The  FCU-A  will  also  operate  under 
the  refrigerauon  mode  when  the  FCU-T  is  operating  under  (he  hot-gas  defrosting  mode, 
where  die  FCU-A  continues  to  operate  in  that  refrigeration  mode  even  after  the 
termination  of  Ihe  FCU-T  defrosting  mode  in  order  to  bring  bach  die  freezer  to  the  initial 
needed  testing  conditions.  During  these  two  FCU-A  refrigeration  modes,  the  two 
dampers  will  be  open  andihedefrosungheaierelemeniswillbeoff.whileihecoiJofihe 
FCU-A  accumulates  some  frost  on  its  finned  tubes.  As  the  FCU-T  is  switched  to  opeiMe 
under  the  leftigeraiion  mode,  the  FCU-A  dampers  will  dose  and  the  FCU-A  will  operate 
under  the  electric  defrosting  mode  in  order  to  melt  the  frost  that  had  accumulated  on  its 


finned  lubes.  The  melt  produced  from  ific  frost  of  Ulc  iniiul  FCU-A  lefhgeraiion  mode  is 


basically  the  moisiuce  removed  from  die  freezer  in  order  to  bring  the  room  to  Ihe  needed 
testing  conditions.  The  melt  produced  from  tiic  frost  of  the  otiwr  FCU-A  refrigeration 
mode,  the  mode  during  which  the  FCU-T  hot-gas  defrosting  mode  occurs,  is  basically  the 

The  melt  will  leave  the  FCU-A  through  Ihe  bottom  meli  ouUei  as  shown  in  Figure  2.7  and 
will  then  be  collected  using  a special  mechanism  which  will  be  explained  later  in  Chapter  i. 

A lighi  rixnire  conristing  of  a 7S-Waii  flood  lamp  is  installed  in  the  FCU-A  as 
shown  in  Figure  2-7.  Two  duplex  outict  receptacles  are  also  ituaalled  in  the  FCU-A  The 
FCU-A  has  three  Raychem  self-regulating  electric  heating  cables  that  are  plugged  imn  ibe 
iwo  duplex  receptacles.  TheiengthofoneofthesecahlesisSfeetfmodelnuraterWSl- 
6P)  while  each  of  the  other  iwohasa  length  of  12feei(modelmmiberWSl-]2P).  The 
electric  healing  cables  have  a voliageiatingofl2Q  Volts  and  Uieir  power  rating  is  S Watts 
per  fooiaidO'FfRaychem  1994).  These  electric  healing  cables  are  laid  in  away  Uiai  they 
surround  die  circumference  of  Ihe  two  fixed  damper  frames,  where  the  dampers  come  into 
contact  with  these  frantei  when  the  dampers  are  in  the  closing  position.  The  reason  for 
installing  these  cables  is  to  hcai  the  circumference  of  the  damper  frames  during  the 
refrigeration  mode  of  die  FCU-A  where  die  dampers  will  be  open  during  ihai  mode.  This 
healing  process  will  prevent  the  accumulation  of  frost  on  the  frames  and  force  the  frost  to 
aceimmJaie  on  the  coil  Tuined  tubes.  It  wUl  also  protect  the  damper  driveways  from  the 
frost  so  tiiai  the  dampers  can  close  safely  during  the  FCU-A  electric  defrosting  mode. 

As  shown  in  the  top  view  of  Rgure  2.7,  the  FCU-Ahasacontrol  panel  alcove. 
The  laner  is  equipped  with  six  svriiches  connected  to  iu  where  each  switch  is  sei  lo  ihree 
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dUTercm  openiung  modes:  the  on.  die  o^.  and  Uie  auiomaiic  mode  of  opemion.  The  six 
switches  are  cnnneclcd  (0  coniroi  the  operations  of  the  blower,  li|hl  fixture,  motors  of  the 
dampen  linear  actuators,  the  defrosting  heaicrelemems,  the  electric  beating  cables,  and 
the  receptacles. 


The  piping  system  bos  been  constructed  using  type  K copper  tubes,  since  they  are 
easy  to  instali  and  have  good  resistance  to  corrosion  (ASHRAE  1992a).  The  piping 
system  was  designed  to  provide  low  temperature  bottom-feed  refrigeration  systems  for 
two  fan-cQii  laiiis,  a reliable  top-feed  hot-gas  defrosting  sysietn  for  the  test  fan-coil  unit 
(FCU-T),  and  an  electric  defrasdni  system  for  tbe  auxiliary  fan-coil  unit  (PCU-A).  Iiisa 
system  that  has  easy  access  to  every  related  component,  and  every  major  component  can 
be  isolated  for  service  and  maintenance. 

The  piping  system  consists  of  the  piping  layout,  the  load  compensation  unit  (LCU). 
the  surge  drum,  the  oii  capturing  syslem,  the  liquid  pump,  different  types  of  valves, 
strainers,  sight  glasse.s,  vibration  isolators,  flow  measuring  devices,  and  other  related 
components.  A detailed  description  of  these  components  is  discussed  in  the  following 


The  rcfrigeraiion/defrosi  system  starts  by  operating  the  FCU-A  under  the 
refrigeration  mode  in  order  to  bring  the  freeierto  thcrequirad  testing  conditions.  When 
■he  testing  conditions  are 


1 reached,  the  re&igeraiion  mode  of  the  FCU-/ 


linaled  and 


of  the  FCU-/ 


s.  During  this  elecuic  defiDsiing  mode  die 


ihe  cleclric  defrosiiag  mode  o 
frosi  accumuleled  nn  ihe  FCU-A  rinoeiJ  tubes  wUl  mek  and  will  be  coUecicd.  Ttiisfirsi 
ooUeclcd  mek  lepiesems  the  moisture  lemoved  from  Uic  freezer  dating  the  room 
cotidiiiotiing  period.  The  electric  defrosUng  mode  will  lost  until  all  the  FGJ-A  frost  has 
melted  and  its  tinned  tabes  have  dried  out,  at  which  point  the  defrosting  mode  is 
terminated.  TTie  FCU-A  stays  unloaded  until  the  FCU-T  starts  its  hot-gas  defrosting 

At  the  some  time  when  the  testing  conditions  of  Ihe  freezer  are  reaclicd  and  the 
FCU-A  starts  its  electric  defrosting  mode,  the  FCU-T  will  slan  to  operate  under  Ihe 
refhgeration  mode.  When  the  frost  accumulation  on  the  FCU-T  fliuied  tubes  reaches  e 
certain  thickness,  the  le&igeraiion  mode  of  the  FCU-T  is  lerminaied.  and  its  hot-gas 
defrosting  mode  is  imtiated.  This  wiU  be  the  time  when  the  FCU-A  starts  to  operale  again 
under  the  refrigeration  mode  in  order  to  capture  the  raoisntre-escape  from  the  FCU-T  due 
to  the  FCU-T  hoi-gaa  heal  iupuL  The  FCU-T  hot-gas  defrosting  mode  will  last  until  all 
the  frost  has  been  removed,  the  FCU-T  melt  collected,  and  the  FCU-T  fumed  tubes  have 
dried  out,  at  which  point  the  hot-gasdefrosUngmodeisicrminaied.  The  FCU-T  slays 
unloaded  until  the  FCU-A  is  able  to  bring  the  freezer  back  to  its  initial  testing  conditions. 

When  these  initial  testing  conditions  art  brought  back,  the  rcfrigeiationldcfrost 
cycle  (R/D  cycle)  is  repeated  two  mom  times  in  a continuous  manner.  The  only  difference 
between  die  last  three  FCU-A  relrigeraiion  modes  and  the  initial  FCU-A  letHgeraiion 
mode  is  thaitheFCU-Ameltcolleetedinihe  former  rcpresenisihemoisture-cscapefrom 
the  FCU-T  due  to  ihe  FCU-T  hot-gas  heat  input,  while  the  FCU-A  melt  collected  in  the 


initUJ  mode  represenu  ihe  moisiure  removed  fmiD  ihe  freezer  during  ibc  inidal  room 

The  general  layoui  of  the  piping  system  is  described  in  n scbemaiic  dial  can  be  seen 
in  Figure  2. 10,  while  a summary  desoiption  of  the  piping  system  components  is  shown  in 
Table  2.1.  Some  of  the  piping  system  components  are  located  inside  Ihe  fteezei,  while  the 
other  components  are  either  on  top  or  in  front  of  iL  The  piping  system  components  that 
are  located  inside  the  freezer  are  shown  in  Rgure2.ll. 

When  die  refrigeration/defrosi  system  is  in  operadon.  Ihe  liquid  lefrigeranl  flows 
from  die  condensing  tuiii  receiver  into  ihe  M/8"ODmain  UquidlincUirough  ihemain 
liquUllinesolenoid  valve  (Item  Uinnguie2.I0)andcondnuesiisway  lo  the  surge  drum. 
A Viking  liquid  refrigeram  pump  (model  number  SG-40550)  is  used  lo  pump  liquid 
celrtgemni  from  the  surge  drum  to  any  of  the  two  fan^coil  units  when  that  tinii  is  operating 
under  the  lefrigeration  mode 

If  the  FCU-T  is  operanng  under  the  refrigeradon  mode,  Ihe  liquid  re&tgeinnt 
enters  the  FCU-T  through  the  FCU-T  liquidlinesolenoid  valve  (Iiem  2in  Rgute  2.10) 
and  leaves  as  wet  rerum.  where  then,  the  latter  flows  in  a !-l/8"OD  copper  rube  and 
passes  through  the  FCU-T  wet  return  stop  solenoid  valve  and  the  FCU-T  wet  return 
check  valve  (Hems  15  and  19.  req)ecUvcly,inRgure2.I0)  beforeitconnecistothe  1- 
3/8"OD  main  wet  return  line. 

On  the  other  hand,  when  the  PCU-A  is  operating  under  the  refrigeradon  mode,  the 
liquid  refrigerant  enters  the  FCU-A  through  the  FCU-A  liquid  line  solenoid  valve  (Item  4 
in  Rgure  2.10)  and  leaves  as  wet  return,  where  then,  the  latter  flows  in  a l-l/8"OD 
copper  tube  and  passes  through  FCU-A  wet  renim  check  valve,  as  well  as  the  FCU-A  wet 


aniary  Descriptian  of  UlC  Piping  Syslsm  Coinponenls 


Ilem 

Manufacturer 

Model  Niuober 

Description 

1 

SUPERIOR 

805C-14S 

J 

SPORLAN 

E19S270 

FCU-T  Liouid  Line  Solenoid  Valve 

257B-14S 

Hand  Oncnierl  Thmnlina  Valve 

4 

SPORLAN 

E19S270 

? 

SUPERIOR 

257B-US 

6 

SPORLAN 

BI0S2 

Defrost  Refriaerani  Solenoid  Valve 

8 

SUPERIOR 

216-IOST 

HandODeninlTliTTmlifK  Valve 

9 

SPORLAN 

BI0S2 

10 

SPORI.AN 

ADRPE-1 

Ho(-Caa  Discluree  Bvni«  Valve 

SPORLAN 

E9S240 

12 

SPORLAN 

EGVF-1. 1/7-7. 

Deauoerheadjie  Thenaoata'ic  Ejteaeajon  Valve 

n 

SPORLAN 

ORrr-2(LO/75 

SPC»LAN 

LMC-PVE-5-1/? 

H 

SPOTLAN 

OE34S290 

16 

SUPERIOR 

802B-6S 

Oil  Reiuin  Oieclc  Valve 

17 

RS/PARKER 

A4AK 

PCU-T  Defrosi  Refrieenni  Pn-..i..e  Reeiilnnv 

18 

SPORLAN 

MB2SS2 

19 

SUPERIOR 

806C-1IS 

PCU-T  Wet  Reuim  Chedt  Valve 

20 

SUPERIOR 

254A-4S 

21 

Airo 

I00RE2S1 

22 

SUPERIOR 

255A-8S 

7.1 

SUPERIOR 

2SSA-8S 

24 

RSfPARKFR 

R.SF-.SI7F.I" 

25 

SUPERIOR 

805C-I4S 

26 

SUPERIOR 

806C-I1S 

PCU-A  Wei  Return  Checit  Valve 

SUPERIOR 

216-IOST 

Hand  Oocialed  Throuimv  Valve 

Table  2,1. 


liem 

Manufacuiier 

Model  Number 

Dcschpiion 

28 

BROOKS 

ni4a36rsAA* 

SUPERIOR 

255A.8S 

SIGNET 

MK-525 

31 

SPORLAN 

MB19.S2 

Hm-Gis  Dfircai  Solenoid  Valve 

Ml 

Hoi-Ga^  OriTv-v  u^Mr 

M2 

UP 

N/A 

WATSCO 

MS-10 

RSPARKEH 

A4AK 

RS/PARKER 

RSF-SITP.r 

PTIT-A  Hnrerl  RoMarnnf  SUlUier 

SPORLAN 

OE34S290 

SUPERIOR 

587WA-1AST 

SUPERIOR 

S92WA-13ST 

41 

SUPERIOR 

592WA-13ST 

SUPERIOR 

594WA-2IST 

387W-I4ST 

44 

SUPERIOR 

591WA-11ST 

SUPERIOR 

586W.8ST 

SUPFRins 

586W-8ST 

47 

233A-8S 

NIA 

IdiS^alve  ^ 1 

49 

MIA 

OLI7IR.T4-I4 

Sbui-oIT  Valve 

MICROPIIMP 

1800 

SG-40JJO 

KTI018 

WAT-Bl-inS 

Hercmt  Valve 

33 

renirn  iiop  solenoid  valw  (Items  26  and  38.  respectively,  in  Figure  110)  before  it 

When  the  FCU-A  is  operating  under  the  electric  defrosting  mode,  the  FCU-A 
bquid  line  solenoid  valve  and  the  FCU-A  wet  return  stop  solenoid  valve  will  both  be 
closed  (Iieins  4 and  38.  respectively,  in  Figure  2. 10).  This  will  increase  Ihe  pressure  and 
temperature  of  the  refrigerant  inside  the  FCU-A  finned  lubes  due  to  the  beat  provided  by 
the  two  defrosting  heater  elements  of  the  FCU-A.  This  increase  in  pressure  will  force  the 
heated  refrigerant  to  leave  the  FITU-A  and  (low  rewards  the  FCU-A  heated  refrigerant 
pressure  rcgulaior  (Item  36  in  Figure  2,10)  hut  will  not  be  able  to  flow  through  this 
regulator  to  the  l-3/8''OD  main  wet  return  line  unless  the  heated  refrigerant  pressure 
reaches  70  psig,  which  is  the  regulator's  preset  inlet  pressure  value.  This  pressurizing 
process  is  needed  to  hold  the  heated  refiigerani  inside  the  FCU-A  fumed  tubes  for  a 
suitable  period  of  time  in  order  to  confimi  and  speed  the  removal  of  all  the  frost 
accumulated  on  the  fumed  tubes  and  also  to  dry  out  the  finned  tubes. 

When  the  FCU-T  is  operating  under  the  hol-gas  defrosting  mode,  the  FCU-T 
liquid  line  solenoid  valve  and  the  FCU-T  wet  return  stop  solendd  valve  will  both  be 
closed  atems  2 and  15,  respectively,  in  Rgurc  2.10).  The  hot-gas  flows  from  the 
condensing  unit  in  a 3/4"OD  copper  tube  and  passes  through  the  main  hol-gas  line 
solenoid  valve,  the  hot-gas  defrost  solenoid  valve,  and  the  hot-gas  orifice  meter  (Items  7, 
31  and  32,  respectively,  in  Rgute  2.10)  before  entering  the  FCU-T  drain  pan. 

The  hol-gas  enters  the  FCU-T  drain  pan  in  order  to  remove  the  frost  accumulaled 
in  it,  and  then  leaves  the  FCU-T  drain  pan  passing  through  the  hol-gas  line  check  valve 


(Item  35inFigutel!0)onliS' 


I (he  FCU-T  wet  I 


M 

ihe  FCU-T  again  through  the  FCLi-T  wc[  letum  line,  since  LhU  is  a (op  bol-gas  feed  fan- 
coQ  unit,  whete  the  hot-gas  mixes  with  the  cold  refrigerant  inside  the  FCU-T  finned  tubes 
and  leaves  the  FCU-T  through  the  FCU-T  liquid  line.  The  mixed  refrigerant  leaving  the 
FCU-T  will  be  called  here  "defrost  refrigerant"  to  difTeremiate  it  from  the  "heated 
refrigerant"  mentioned  before  when  describing  the  electric  defrosting  mode  of  Ihe  FCU-A. 

The  mixing  of  the  hot-gas  with  the  cold  refrigerant  inside  the  FCU-T  finned  tubes 
wUl  increase  the  pressure  and  temperature  of  the  leaving  de&osi  refrigeranL  This  increase 
in  pressure  will  force  the  leaving  defrost  refrigerant  to  flow  In  a d/S"OD  copper  tube 
towards  the  FCU-T  defrost  refrigerant  pressure  regulator  (Item  ITinRgure  2. 10)  but  will 
not  be  able  to  flow  through  this  regulator  unless  the  pressure  of  the  defrost  refrigerant 
reaches  70  psig.  which  is  the  preset  inlet  pressure  value  of  the  regulator. 

After  passing  through  the  FCU-T  defrostrefrigerantpressurt  regulator  (Item  17  in 
Rgure  2.10),  ihe  dcfrosire&igerantwillllowinlotbedcfrosirefriferamsepataiorflirm 
34  in  Figure  llCDwhichwtufcsasaliquid-vapotsepaiaior.  The  vapor  leaves  the  top  of 
the  separator  and  continues  its  way  to  the  l-3/8"OD  main  wet  return  line,  while  Ihe  liquid 
leaves  the  bottom  of  the  separator  and  passes  through  the  high-si*  float  valve  (Item  53  in 
Figure  2.10)  on  iis  way  lo  die  main  wei  return  line. 

All  Uie  refrigerant  connections  to  the  1-3/rOD  main  wet  return  line,  that  were 
discussed  before,  wiil  lead  the  refrigerant  to  proceed  inside  die  main  wei  remm  line  until  ii 
enters  the  load  compensaUon  unit  (LCU)  as  can  be  seen  in  Figure  110.  The  load 
compensation  unit  is  a pressure  vessel  used  as  a liquid  refrigerant  vaporizer  in  order  to 
compensate  for  the  hot-gas  required  during  the  FCU-T  hot-gas  defrosting  mode.  The 
LCU  also  serves  as  a Uquid  refrigerant  storage  drum  and  a liquid-vapor  separator 


(Sioecker  1988).  More  <lcuiie(l  inforniaiion  aljouuhe  LCU  will  be  provided  in  i 


As  die  wei  reium  en(er$  Uie  LCD.  iu  vapor  leaves  the  top  of  the  LCD  tlirough  tlie 
2-!/8~OD  main  suction  line  and  continues  Us  way  to  the  condensing  uniu  Tlieliqiiid 
leliigeram  accumulates  inside  the  LCD  until  its  level  reaches  the  liquid  overfeed  ouUet. 
where  then,  the  overfeed  liquid  leaves  the  LCU  ihrough  the  l-l/8“OD  liquid  line  and 
enters  the  surge  drum.  The  vapor  inside  the  surge  drum  leaves  the  top  of  the  latter 
through  the  l-l/4"ODsuctionlineandconneciswiththemainsuctionlineascanbeseen 
in  Figure  2,10.  A more  detailed  description  of  the  piping  system  layout  and  its 
componenis  is  provided  in  Appendin  B. 

In  this  refrigeration/defrost  sysiem,  some  of  the  compressor  lubricating  oil  will 
have  iu  way  into  the  system  componenu  and  piping-  This  will  cretue  oil  rich  tefrigetam 
uiside  the  surge  drum.andiheoUwfllihen  bccaptuiedbyantslc^uringsystem  which 
will  be  discussed  in  a laier  section.  The  refrigeraiiGn/defrosi  system  is  also  equipped  with 
a compressor  capacity  control  system  which  will  be  discussed  In  a later  section. 


In  the  operational  practice  of  the  bot-gas  defrosting  systems,  it  Is  importnnt  not  to 
defrost  mote  than  one  third  of  the  total  evapotaior  loads,  since  ihcn  the  sysiem  will  noi  be 
able  to  provide  the  required  hot-gas  for  the  total  defrosting  period  (Re&igeraiing 
Specialties  1984;  Piu  1991).  Since  each  of  the  two  fan-coil  uniu  employed  in  this  sysiem 
has  a remgeradng  capacity  of  about  two  tons,  it  is  clear  that  the  FCU-A  cannot  provide 


: the  FCU-T  under  the  hot-gas  defrosting  mode.  The  load 


iofboi-ga 
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compcnsaiion  uoU  (LCU)  was  emplO)«d  in  this  sysemio  serve  as  a source 
production  when  the  FCU-T  is  under  the  boi-gas  defrosting  mode,  where  the  hot-gas  is 
produced  inside  the  LCU  using  sis  band  healers  around  the  LCU. 

The  load  compensation  unit  is  manufactured  by  E.  L.  Nickel]  Co..  Inc.,  and  its 
details  are  shown  in  Figure  2.12  wbercilhasanouisidediameterof20"andanoverall 
height  of  34".  The  LCU  has  two  level  eyes  with  frost  shields,  where  the  liquid  overfeed 
level  inside  the  LCU  is  designed  to  be  in  between  the  two  eyes.  The  Leu's  maximum 
allowable  working  pressure  Is  300  psig  at  2S0'F. 

When  the  FCU-T  is  about  to  operate  under  the  hot-gas  defrosting  mode,  the  band 
healers  are  put  into  operation  in  order  to  vaporize  the  liquid  refrigerant  inside  the  LCU. 
The  band  heaters  are  kept  on  during  the  full  duration  of  the  FCU-T  hot-gas  defrosting 
mode,  and  shut  down  at  the  same  time  when  the  latter  is  terminated.  The  six  band  beaters 
are  manufactured  Iqt  Chromalox  Industrial  Heating  Products  (model  number  HB-2030), 
where  each  healer  has  a 20"  inside  diameter,  awidlh of  1-1/2", and isclamped tightly 
around  the  LCU.  Each  heater  works  at  3000  Watts  and  220  Volts. 

The  six  Chromalox  band  heaters  are  power  controlled  by  art  Omega  alicon 
controlled  reenfier  (model  number  SCR73Z-260-M)  which  is  an  extremely  fasi  controller 
capable  of  maintaining  the  desired  heat  setting  to  vaporize  the  liquid  reftigeram  inside  the 
LCU-  This  controller  can  he  operated  by  a computer,  since  Ihe  controller  enn  accept  an 
input  signal  of  4-20  mA.  as  well  as  manually  since  it  is  employed  with  a manual  module 
and  a remote  potenUometer  (Oinege  1992a;  1993).  The  load  compensation  unit  is 
insulated  with  a 2"  thick  nber  glass/mineral  wool  insulauon  blanket,  and  on  top  of  that  an 
additional  3"  thick  layer  of  vinyl  faced  fiberglass  is  added. 
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2.I.4.3.  Surge  drum 

A surge  drum  is  a pressure  vessel  dial  is  always  used  in  liquid  overfeed  systems, 
where  a large  quandty  of  liquid  refrigerantis  required  to  flood  die  fan-coil  uniisduring 
refrigeraiion.  Aschemaiicof  ihesuigedrumisstiown  in  Figuie2.I3.  Tlie  surge  drum  is 
manufactured  by  Ayub  and  Associates,  Inc.  (modelmBnbcrAV-1202).wlie«itliasan 
outside  diimeier  of  12-3/4"  and  an  overall  height  of  24".  TTk  surge  drum's  tnaaimiun 
allowable  wortang  pressure  is  150  psig  at  230*F. 

As  shown  in  Figure  2.13,  ibe  liquidrefrigeram  from  the  receiver  enters  (be  surge 
drum  through  nozzle  C.  It  enters  the  surge  drum  in  (he  form  of  a liquid-vapor  mixture, 
since  the  pressure  of  the  liquid  refrigerani  has  dropped  after  passing  through  ihe  surge 
drum  liquid  level  control  valve  aiem  14  in  Rgure  2.10)  before  entering  die  surge  drum. 
The  vapor  is  separaicd  from  die  liquid  reliigerani  inside  die  surge  drum  and  Is  forced  to 
flash  to  the  tt^  of  die  surge  drum  leaving  through  nozzle  A to  the  main  suction  line.  This 
action  causes  die  liquid  refiigerant  to  conccnuaie  at  die  bouora  of  the  surge  drum,  thus 
ensuring  ibal  only  liquid  refrigerani  is  fed  ihiough  nozzle  B lo  the  fan-coil  uniis  (Kia 
1991). 

The  insen  sensing  bulb  of  die  surge  drum  liquid  level  conirol  valve  is  inserted 
instde  the  surge  drum  Uirough  nozzle  F.  The  horizontal  cenlerirne  of  nozzle  F represents 
the  desired  stniic  liquid  level  position.  Nozzle  D is  the  place  where  the  oil  rich  refrigerant 
is  drained  by  die  nU  capturing  sysiem.  Nozzle  D Is  located  at  a level  that  is  slightly  lower 
than  nozzle  F,  where  ihU  change  in  level  helps  the  oil  capturing  system  to  remove  as  much 
oU  as  possible  from  the  su^e  drum,  since  the  oil  rich  refrigerani  isresiing  on  top  of  die 
pure  liquid  refrigerant.  This  is  due  to  die  difference  in  density  between  the  Ughier  oU  in 
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Uie  surge  drum  and  die  heavier  R-22.  The  locaiion  of  nozelea  C and  E is  higher  than  die 
sialic  liquid  level,  ancc  ihis  will  help  in  die  liquid-vaporscparaiion  process  inside  die 

llie  surge  drum  is  insulaied  widi  a 2~  Ihick  fiber  glassimiieral  wool  insulaUon 
blaidteu  and  on  uqi  of  dial  an  addiiional  3"  thick  layer  of  vinyl  faced  fiberglass  is  provided. 


Hie  liquid  refrigerani  pump  is  manufactured  by  Viking  Pump.  Inc.,  (model  number 
SO-40530)  and  is  a spur  gear  posiUve  displaccmeni  pump  fliem  52  in  Rguie2.10) 
designed  lo  roiale  in  a clockwise  fashion  (Viking  19871.  The  pump  has  a nominal  capacity 
of  2 gpm  ai  a moior  speed  of  1730  ipm.  The  pump  Is  designed  to  operate  for  pressures 
and  temperatures  up  lo500psi|and223"F,reiqicctively,alamoiot^ieedof  1750tpm. 
The  liquid  refrigerani  pump  moior  is  manufacuitcd  by  A.O.  Smith  CorporaUon  (model 
number  P48L2DA 1 1 and  has  a power  rating  of  1-hp  and  a speed  of  3450  tpm. 


The  flow  of  oil  inside  the  pipes  and  componems  of  an  overfeed  system  will  have  a 
negative  effect  on  the  system  performance  if  it  is  not  captured  and  pumped  back  to  die 
mam  suction  line.  The  oil  will  raise  the  boiling  temperature  of  die  liquid  refrigerant  and 
reduce  the  heat  transfer  rate  between  the  heater  of  the  insertsensing  bulb  and  die  liquid 


Flguit  2.14.  Load  compeiuaiioa  unil  (LCU)  and  surge  drum 
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refrigerant  insitJe  the  surge  drum,  which  then  causes  an  overfeeding  of  Uquid  refrigerant  to 
the  surge  drum  (Sporlan  1990b). 

"Ihe  oil  capturinisysiemcanbeseeninRguicZ.lO.whereihBoilrichrcfrigerani 
flows  from  the  surge  drum  through  a 3/8"OD  oil  rich  refrigerant  return  Une  and  passes 
through  the  oil  reiurn  solenoid  valve,  the  oil  pump,  oil  teuim  check  valve  and  a hand 
operated  throuling  valve  lliems21.31. 16and22.respecavely.lnFigure  2.10)befoteit 
connects  to  the  2-I/8"OD  main  suction  line.  The  oil  rich  refiigerant  captured  from  the 
surge  drum  is  in  liquid  form,  and  must  be  transferred  to  the  vapor  form  before  it  enters  the 

The  oil  return  solenoid  valve  (lion  21  inRgure2.10)ismanufanuredbyAlco 
Controls  (model  number  IOORB2S3).  It  is  a normally<losed  valve  that  is  energiaed  to 
open  when  the  refrigeraUonfdefrost  system  is  in  operation.  This  valve  is  kept  closed  when 
the  system  is  shut  down  in  order  to  prevent  any  .surge  drum  liquid  refrigerant  from  flowing 
to  the  main  suction  line  through  the  oil  rich  rehigerani  leiiun  line. 

The  oil  pump  (Hem  51  in  Rgiuc  2-10)  U manufactured  by  Micropump  Co/poradon 
(model  number  1800)  and  isamagneiicdrivenposinvedisplacememgearpumpusedio 
pump  the  OU  rich  tefrigeram  to  the  main  suction  line.  The  (low  rate  capacity  of  the  pump 
ranges  horn  1 to  320  inillililcr  per  minute.  The  pump  is  designed  to  operate  for  pressures 
up  to  300  psig  and  at  tempcraitues  ranging  from  -50*F  lo  225’F. 

The  oU  pump  motor  is  also  manufactured  by  Micropump  Corporaiion  (model 
number  415)  and  is  dose  coupled  with  die  oil  pump.  This  motor  has  a speed  range  of  0 to 
9000  rpm.  A picture  of  the  mi  pump  is  shown  in  figure  2.15.  'nieoilrctumc 
aiem  16  in  figure  2.10)  is  manufactured  by  Superior  valvecompanyfmm 


check  valve 
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802C-6S)  and  is 


: sysiem  in  order  to  pceveni  bncUlow  of  oil  rich  tefrigerani  in 


the  oil  pump  dischar|e. 

The  hand  operated  ihroiUin|  valve  (Item  22inFigure  2.I0)ismiimifacniiHl  by 
Superior  valve  company  (modelnumber  255A-8S)and  isusedioconirol  iheflowof  the 


and  the  fluid  tsachia  the  sueUonUne  in  the  form  of  vapor.  With  the  sighl  glass  installed 
downstream  of  the  ihrotUing  valve  as  can  bcseen  in  Rgure  2.10.  the  condltionsof  the  oil 
rich  refrigerant  can  be  checked. 


A compressor  capacity  control  system  is  employed  in  this  refrigetation/defrosi 
system  in  order  to  protect  the  compressor  from  low  suction  pressure  and  high  sucdon 
temperamre  situations.  Tliis  system  is  represented  by  a l/2"OD  hot-gas  bypamline 
connecting  the  main  hot-gas  line  with  the  main  suction  line,  and  a 1/T'OD  Ikjtiid 
refrigerant  bypass  line  connecting  the  main  liquid  refrigerant  line  with  the  main  suction  line 
as  can  be  seen  m Rguie2.10,  In  the  case  of  a low  suction  pressure,  the  hot-gas  bypass 
line  is  used  to  raise  the  suction  pressure  by  flowing  hot-gas  to  Ibe  suction  line.  In  the  case 
of  a high  suction  temperature,  the  liquid  refrigerant  bypass  line  is  used  to  drop  the  sucdon 
icmperatun!  by  flowing  liquid  refri|Btanl  to  the  sucdon  line.  A more  detailed  descripdon 
of  the  system  and  iB  components  is  provided  in  Appendix  C 


oil  rich  tefrigeram 


Thu  uir  Jisuibuiion  sysiem  is  designed  lo  provide  the  air-cooling  condi  lions  needed 
for  Uie  lesting  which  are  the  same  conditions  found  in  a real  life  indiisiriaJ  freceer.  This  air 
dislribuiion  sysiem  consistsofapsychromBiricfreczerroom.ihBductingsysieTn.andthe 
aniliciai  load  generation  syslcm.  The  dctailsofilieairdistnbutionsysietnconiponems 
will  be  provided  in  the  following  sections. 


The  psychromeuic  freezer  room  used  lo  conduct  the  icsting  is  shown  in  Figure 
2.16.  where  the  dimensionsofiheroomate  135'X*  124”W*9T'H.  Tlie  room  has  two 
identical  accessdoota.whereeachdoorhasa  13"x  13" square  window.  Eachdoorhasa 
diniension  of  30-7/8’X  x 76-l/2"H.whereapictureoflheiwodoorsisshowninFigure 
2.17-  The  FCU-A  located  on  top  of  Ihe  freezer  can  be  seen  in  Rgure  2.17.  where  the  load 
compensation  unit  (LCU)andlhesurgedrumaieshown  lobesiationed  betwecnthe  two 
doors.  TTiere  are  three  openings  intheroomceiiing.  Tbe  10"  x 20"openingi5f«tlic 
supply  air  coming  from  the  direct-drive  blower  of  the  FCU-A.  white  ihe  other  two  14"  i 
14"  openings  are  for  the  return  air  to  Ihe  FCU-A- 

The  construction  deiails  of  the  front  wall  and  its  overall  coefTtcient  of  heat  transfer 
(U-factor)  are  shown  in  Table  2.2.  The  IZ-factor  of  the  front  wail  is  estimated  to  be  0.075 
Btuflhr-tf-*F).  The  from  waU  has  a thickness  of  3-10/16"  and  an  outside  area,  excluding 
Ihe  two  doors  and  their  windows,  of  71.61  square  feeL  The  outside  area  ofeach  door  is 
16.4  square  feet  including  ihc  ana  of  the  window,  while  each  window  has  an  ouuldc  area 
of  1.17  square  feet.  The  two  windows  are  identical  and  arc  insulated  double  glazing 
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Figure  2.17.  The  psychronuartc  freezer  i 


Table  2.2.  Overall  Coefficient  of  Heal  Transfer 
l/of(heFr«ilWaU 


Consaucdon 

Resistance  (R) 
mr-fi'-'FVBui 

1-  Outside  surface  islill  airi 

0.61  • 

0.000041  " 

3-Polvinrrene(Biolrt»diii»»i«t  i.jtnch 

12.45 

4-  Aluminum  sbeeL  1/16  bcb 

0.000041  •• 

S-  Inside  surface  (730  fmomoviniairl 

0.24  • 

Total  thermal  resistance  (Raxai): 

Rw,i  = yR  = 13.30  mr-fl 

TVBtn 

Overall  coefTicieiu  of  heal  transfer  (UsU  Ruui): 

U = l/Rw.i  = 0.075  Btu(ihr-ft'-‘’R 

* (ASHRAE  1994). 

••  (ASHRAE  1993). 

Tbis  value  includes  Die  resistance  of  the  wood  sruds 


. (ASHRAE  1994). 


ows  with  a I/2"  air  ^ace.  The  U-factorofi 


' is esiimaied  lobe 0.51 


Bui/(hr-ft^-*F>  (ASHRAE  1993).  The  consintcticn  of  the  doors  is  exactly  like  the  front 
walJ  except  for  the  fact  that  the  door  has  an  additional  3/4"  layer  of  plywood  in  berween 
the  outside  aiuminian  sheet  and  the  molded  beads  polystyrene  insulation  layer.  The  U- 
factor  for  each  door  is  estimated  to  be  0.070  Bui/(ht-fi’-'F). 

Since  the  icsiing  inside  the  freezer  is  petfotmed  at  low  teinperaBires  (below  OT), 
the  two  doors  ate  equipped  with  good  rubber  seals  around  their  contact  edges  with  tbe 
front  waU.  This  wUl  protectlhe  room  and  the  lest  results  from  the  effect  of  air  inTiIttation. 
Two  16-foot  self  regulating  Chromaiox  heating  cables  have  been  installed  along  the  edges 
of  the  door  openings  between  the  outside  aluminum  sheet  and  the  molded  beads 
polystyrene  insulation  layer  of  the  front  wall  Theheaiingcablescijerateat  120  Voltsand 
their  power  rating  is  3 Watt  per  footatSO'F.  One  heating  cable  is  used  for  each  door 
opening.  This  action  was  found  to  help  the  door  from  jamming  due  to  the  low 
temperature  and  the  frost  that  might  potentially  accumulate  on  the  edges. 

The  construction  details  of  the  tear  and  side  walU  and  their  (/-factors  ate  shown  in 
Table  2.3.  The  (/-factor  of  these  three  walls  isesumatedlobe  0.039  Btu/(hr-ft*- ■FI- 
Each  of  the  three  walLs  represents  an  exaa  double  wall  of  the  front  wall.  They  have  a 
thickness  of  7-1/4".  while  the  ouisidcareaof  the  tcarwall  is  104.41  square  feetand  the 
outside  area  of  each  side  waU  is  83.53  square  feet  The  ceiling  consmtcUon  and  its  (/- 
factor  arc  .shown  in  Table  i4.  The  (/-factor  of  the  ceiling  is  estimated  to  be  0.02g 
Btu/(hr-ft’-'F).  The  outside  area  of  the  ceiling,  excluding  the  three  openings,  is  129.36 
square  feet.  There  are  two  tight  nxiures  hung  on  the  celling,  where  each  fixlure  has  two 
Having  metal  inicriors 


60-Wau  iluorescent  lamps. 


• and  exteriors  on  ail  i 


Table  13.  Overall  Coeffidciu  of  Heal  Transfer 
1/  of  the  Rear  and  Side  Walls 


Construction 

Resistaoce  (R) 

I - Oui^  sutCace  (still  ilri 

061  ■ 

?-  AhimmiaD  sheet.  I/ldioch 

3-  Poivstvrene  (inaldKl  heirki  3 s inrh 

12.43 

4>  Alunmien  slvni.  2/16  *nrh 

0.000081  •• 

3-  Polvameoe  (molded  heads).  3.3  itch 

A- Altimhiira sheet  I/I6me*i 

7- Inside  sofface  nsn  fncD  movior  air) 

0.24  • 

Total  thermal  resistance  (R«ai): 

R~.i  = ZR  = 23.75  (hr-ft’ 

•FVBtu 

Overall  coefficienl  of  heat  transfer  (V  = 1/  Rm«i): 

U = V R,™,!  = 0.039  Btu/(hr-f(^-'’R 

••  (ASHRAE 1993). 

■■■  Thii  value  includes  Ihc  resistance  of  the  wood  sluds  (ASHRAE  1994). 
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Table  2.4.  Overall  Ccefficient  of  Heal  Transfer 
(/  of  ibe  Cellini 


CoDStruction 

Reastance  (R> 

I - Ouuide  surface  (sUU  lir) 

2*  Galvanized  slKei  roeuU.  sane  20 

5-  Polvamene  (eimidedl.  1.0  inch 

I- Ahimmura  aheei  1/iAin-h 

9-  Inside  surface  (750  frcn  mnvini  ain 

Total  Oiemial  resistance  (R»ai): 

R»j  = IR  = 35.10  (hr-fi‘-*FVBlu 

Overall  cocfficieni  of  heat  transfer  (£/=  1/  R*,j); 

1/  = 1/R»v.i  = 0.028  Blu/(hr-fl'-"n 

■ (ASHRAE  1994). 
*•  (ASHRAE  1993). 


i (ASHRAE  1994). 


52 

ceiling  is  imponani  in  ihc  design  of  the  freezer,  since  these  metal  ^eeis  will  keep  the 
moisture  produced  by  the  airbonic  water  vapor  out  of  the  insuiation  (ASHRAE  1993). 

The  floor  ofihefreezerisconsiniclcdofa  16-gage galvanizedsheeimelalonlop 
of  a 6 miUimeicr  layer  of  visquene.  A 4"  layer  of  molded  beads  polysiyitne  comes 
beneath  ihc  visquene  layer,  and  beneath  them  all  conies  a 1/2"  layer  of  esmided 
polystyrene.  These  four  layers  constiiuied  the  floor  of  the  freezer.  Since  the  floor  of  the 
latter  resides  over  an  insulated  floor  in  the  laboraiory.  which  is  a one  foot  below-grade 
basement  floor,  it  is  assumed  that  the  heal  transfer  to  Ihe  freezer  Ihrough  the  floor  is 
negligible. 

In  cstinaiing  the  (/-factors  for  the  windows,  doois.  ceiling  and  walls,  it  is  assumed 
that  the  outside  film  beat  transfer  coefficient  (/.)  tor  stiU  air  is  1.65  Blu/(hr-ft'-'n,  and  the 
inside  film  heat  transfer  coefficient  (/,)  foraTSOfpm  moving  aitis4.12Biit/(ltr-fi‘-’F> 
(ASHRAE  1994).  The  resistance  of  the  outside  and  inside  surfaces  is  calculalcd  by  taking 
the  nscipcocai  of  the  outside  and  inside  rUm  coefficients  of  heal  transfer,  respectively.  TIb 
four  walls  andtbeceilingofthe£reezcrareciiforcedbytheexisieiiceofnonunal2-iiichx 

4-lnch  wood  studs  which  are  distributed  within  the  3.5-inch  moided  beads  polystyrene 
layer  at  two  feet  distance  on  center.  The  resistance  values  of  these  wood  studs  are 
included  in  the  resistance  values  of  die  3.5-inch  molded  heads  polystyrene  layers  ss 
reported  in  the  ubles  (ASHRAE  1994). 


flic  general  layoutof  theeirfiowsysiera  isshowninFigurellg  where  die  FCU- 
T IS  shown  to  be  aithe  center  of  the  freezer.  The  air  flows  through  the  14"  a 10"  ducts  to 


S3 


54 

Uie  inle(  of  ihe  FCU-A  and  then  leaves  the  FCU-A  Uirou|h  the  8"  a 12”  duct  The  blowei 
of  the  FCU-A  is  Ihe  driving  force  behind  this  air  moUon,  where  its  capacily  is  2780  cfm. 

Figure  2.19.  The  air  continues  to  flow  downward  throughout  the  10"  a 20"  ducts  as 
shown  in  Figure  2. 1 3 and  then  eaits  to  the  freeeer  through  a ^lecial  discharge  diffuser.  In 
Hgure  2.19  it  can  be  seen  that  the  two  14' a 14"  duct  lines  coming  from  the  freezer  are 
both  reduced  to  14"  x ICducisandthenihetwoduciliDesconnectiogetheiandenter 
the  FCU-A  through  a l4"x30"ducL  Alltheductsinlhissystem  havebeenconstnictcd 
from  a orte-inch  thick  duct  boards  equipped  with  fiberglass  insulotioiL 

The  outlets  of  the  special  discharge  diffuser  and  the  artificial  load  genetaior  are 
positioned  in  die  center  of  the  room  and  at  a lower  level  beneath  the  FCU-T  such  that 
iheir  flow  of  air  is  uniformly  distributed  in  the  freezer.  These  locations  will  also  prevent 
any  air  currcnls  that  may  adversely  affect  the  hot-gas  heal  input  to  the  FCU-T  when  it  is 
opetatini  under  the  hot-gas  defrosting  mode.  The  artificial  load  generator  will  be 
explained  In  detail  in  the  sections  to  follow. 

A lop  view  of  Ihe  airflow  system  inside  the  freezer  is  shown  in  Figure  2.20.  The 
most  imponaiu  tiling  lo  realize  in  Uiis  rigure  is  that  the  FCU-T,  the  special  discharge 
diffuser  and  the  artificial  load  generator  are  aU  aligned  on  the  center  line  of  the  freezer. 
This  is  an  iraponam  design  requirement  in  order  for  the  FCU-T  to  achieve  symmetry  of  air 
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The  air  distribution  diffuser  is  a special  discharge  diffuser  buili  for  the  purpose  of 
creating  a uniform  disrribution  of  ibe  supply  air  U3  ihc  freezer.  A schematic  of  the  diffuser 
is  shown  in  Figunslll,  whcreihe6"a6r  plenumhas  beendividedimoelevenouUels. 
A picture  showing  the  plenum  air  outlets  of  the  special  discharge  diffuser  is  shown  in 
figure  2.22.  Itcanaiso besecnin Figutel21thaiihereafeeightvane5mihe90' elbow 
of  the  diffuser  in  order  to  preserve  the  momernum  of  the  supply  air  to  the  plenum.  The 
reduction  in  cross  sectional  area  of  the  special  discharge  diffuser  from  10"  a 20"  to  10"  a 
8"  after  it  passesihrough  iheeighivanesisthekeyioihee(|ualdistributionof  supply  air 
10  the  eleven  outlets.  This  reduction  will  cause  the  velocity  of  die  supply  air  to  increase  as 
the  flow  reaches  the  fanliesi  outlet  in  the  plenum.  TMs  increase  in  the  velocity  is 
accompanied  by  the  decrease  of  the  mass  of  the  supply  ait  as  it  reaches  the  farthest  q-i.. 
nie  increase  and  decrease  in  velndiy  and  mass  of  air.  respectively,  foiin  the  basis  on 
which  a unifoim  disiribution  of  air  in  tie  freezer  is  created. 


The  anilicial  load  generation  system  is  probably  one  of  the  most  criticaj  systems  in 
this  ezpeiiraemal  facility.  It  is  designed  to  ptovide  the  freezer  with  die  requited  load  in 

order  to  be  able  to  manipuUe  the  value  of  the  load  sensibie  heat  ratio  (LSHR)  inside  the 

fteczer  during  the  testing  period.  This  artificial  load  generation  system  provides  both 
sensible  and  latent  loads.  A schematic  diagram  describing  the  artificial  load  generation 
system  ui  shown  in  Figure  2.23.  whUe  a summary  description  of  the  system  components  is 
provided  in  Table  2.5. 


59 


60 


I 


M 

I 


61 


§1 


62 

llie  idmraiion  of  Uic  sensible  heal  load  is  provided  by  an  electric  duel  heaier  with 
iniegral  bmii  control  manufactured  by  Warren  Technology  (model  number  HO-10.00-15  % 
16)  with  a total  capacity  of  lOkW (Item  78  inFigurc  2-23).  The  artificial  latent  heal  ioad 
is  gcoeraied  by  the  water-vapor  generator  (WVG)  shown  as  Item  77  in  Rgure  2.23,  which 
is  a liquid-injection  type  waier-vnpor  generator.  Ii  is  a 1/4"  thick  steel  consmicied 
vaponier  that  has  a reciangular  shape  and  is  equipped  with  three  heating  elements 
strapped  to  its  sides  and  bonom.  and  each  heating  element  works  at  700  Wans  and  240 
Volts. 

aty  water  is  injected  inside  the  water-vapor  generator  (WVa)  by  (he  electronic 
diaphragm  metering  pump  atem  72  in  Rgure  2.23).  where  the  metering  pump  can  be 
adjusted  to  the  required  water  mass  flow  rate.  The  injected  water  is  heated  to  the  derired 
temperature  inside  the  vaporirer  and  is  aUowed  to  leave  die  WVG  as  sieam  through  a 7/S" 
copper  tube  to  the  sieara  outlet  inside  the  freezer  as  diown  in  Rgure  2.23. 

An  alternate  water-vapor  generation  lechnique  has  also  been  tried  in  this  research. 
niB  system  is  shown  in  Rgure  2.23.  and  is  represemed  by  a 1400  Watts  Omega  formed 
ceramic  radiant  heater  (Item  80  in  Rgure  2J3)  which  surrounds  a 2"OD  copper  lube.  As 
Ihe  water  is  uijected  inside  tbe  healed  2"OD  copper  tube,  it  vaporizes  and  leaves  the 
2 "OD  copper  tube  to  tbe  inside  of  the  freezer.  A more  detailed  description  of  the  artificiai 
load  generation  system  and  iis  coraponems  is  provided  in  Appendix  D. 


CHAPTER  3 

[NSTRUMENTATION  AND  DATA  ACQUlSmON 

Die  purpose  of  UUs  chapter  U 10  describe  ibe  insiruaienuiion  and  dels  ocquUilion 
systems  employed  in  the  cxperimenial  program.  Die  insmunemaiion  sysiem  includes 
devices  for  measuring  the  refrigerant  pressures,  icmperauires,  and  flow  cates;  airdiy-bulb 
temperatures,  and  differendal  pressure  across  die  coil  of  the  test  fan^coil  unit;  electric 
power  measuiemenis:  melt  weight  measurements:  and  frost  thickness.  The  data 
acquisition  sysiem  employed  includes  a computer,  data  acquisilion  boards,  and  associated 
software.  Details  of  the  two  aforemeoiioned  systems  are  provided  in  the  following 


An  instrumentation  sysiem  capable  of  providing  data  for  the  determination  of  heat 
loads  due  ID  ccul  hot-gas  defrosting  has  been  destined.  The  sysiem  consisis  of  devices  for 
measuring  die  weighloftbemelt.lbefrcsithickness.ieniperaiiuea.piessures,iefrigereni 
flow  rates,  air  humidity,  and  electric  power  consumption.  Deutils  of  the  dinerent 
techniques  used  are  provided  in  the  sections  that  follow. 


Die  weight  of  the  mell  produced  in  the  FCU-T  when  it  is  operating  i 


gu  dcIrosUng  mode  is  required  in  order  to  calculate  that  pan  of  Uie  hol-gu  beat  inpuuo 
the  FCU-T  ooil  that  leaves  as  melt.  On  the  other  hand,  the  weight  of  the  melt  produced  in 
the  FCU-A  when  it  is  operating  under  the  electric  defrosting  mode  is  also  required  in 
order  to  compare  that  pan  of  the  frost  that  escapta  the  FCL-T  coil  to  the  air  inside  the 
freezer  as  moisture  with  the  pan  of  the  frost  that  leaves  FCU-T  as  nielL 

The  system  built  to  weigh  the  melt  is  shown  in  figure  3, 1 . Ehuing  the  FCU-T 
defrosting  mode,  the  FCU-T  melt  solenoid  valve  atem  61  in  figure  3.1)  isencr|ized  to 
open  aUowing  the  melt  loflowthrough  the  l.|/8''FCU-TmBliremmline  andcoUeciin 
the  fimneL  Thisnormally<losedsolenoidva]veaiein61)iamanufachitcdbyMagnntrol 
Valve  Corporation  (model  number  I8A44).  The  McMastcr-Cair  funnel  (model  number 
4J22T1)  has  a capacity  of  3J  gaUons  and  is  12-3/4"  high  with  a I I-V4"  diameter 
(McMaster-Carr  1996). 

When  the  FCU-T  hot-gas  defrosiiogmodeterminaies.the  valve  (item  61)  is  de- 
energized to  close,  at  which  point  the  weight  of  the  FCU-T  melt  accumulated  in  the  funnel 
is  measured  by  a precision  digital  scale.  Tliis  digital  scale  aiera  63  in  figure  3.1)  is 
raanufacuired  by  Arlyne  Scale  Co.  (model  number  6 lOL).  and  has  a capacity  of  50  pounds 
with  a resolution  of  O-Ol  pounds.  Apiciureoflhedigiia]scaleUshowninFigure3.2. 
Hie  melt  is  then  drained  through  the  melt  drain  solenoid  valve  (Item  62  in  Figure  3.1) 
which  is  a McMaster-Carr  nonDally<losed  solenoid  valve  (model  number  4738K43).  ’nils 
valve  (Item  62)  is  energized  to  open  el  that  moment  and  then  de-eoergized  to  close  after 
all  the  FCU-T  melt  has  been  drained. 

During  the  process  of  coUeciing  the  FCU-T  melt  and  measuring  its  weight,  the 
nonnal]y<lQscd  FCU-A  nielisoleiioidvn]ve(Iiem60in  figure  3.l)isheptde-energized. 
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Hiis  aciion  is  i&ken  due  CD  che  face  dial  die  FCU-A  is  operailng  under  iis  reCrigecaUon 
mode  ai  that  period  of  lime  when  the  FCU-T  is  opcrauni  under  iis  hot-gas  dcfrosdng 
mode.  This  FCU-A  melt  soiencndvalveiitemhOilsnianuractiiredbyMagnairoiValve 
Corporation  (inodcl  numDer  I8A43)andisidemical  with  dieFCU-Tmeiisolenoid  valve 
(Iters  61).  except  for  its  smaller  size. 

When  the  FCU-Ais  operating  under  its  electric  defrosting  mode,  the  FCU-A  mell 
solenoid  valve  (Item  60  in  Figure  3.1)  Is  energized  to  open  ailowing  the  meil  to  Aow 
dirough  the  3/4"  FCU-A  melt  return  Une  and  collect  in  the  fnnnei.  When  the  FCU-A 
eicctric  defrosdng  mode  terminates,  die  valve  (Item  60)  is  de-energized  to  close,  at  which 
point  the  weight  of  the  FCU-A  iseli  accumulated  in  the  funnel  is  measured  by  the 
precision  digilal  scale.  The  meil  is  then  drained  through  the  melt  drain  solenoid  vaive 
(Item  62  in  Figure  3. 1 ) which  is  energized  to  open  at  that  moment  and  then  de-energized 
to  close  after  all  the  FCU-A  meU  has  been  drained. 

During  the  process  of  coUecting  the  FCU-A  melt  and  measuriog  its  weight,  the 
FCU-T  melt  solenoid  valve  (Item  61  in  Figure  3-1)  is  hepl  de-energized.  Thisactionis 
taken  due  to  the  fact  that  die  FCU-T  is  operating  under  its  refrigeration  mode  at  that 
period  of  time  when  die  FCU-A  is  operailng  uaderltselectric  dehosiing  mode.  Apicture 
of  the  melt  return  lines  showing  the  two  Magnatrol  solenoid  valves  is  shown  in  Rgute  3.3. 
As  can  be  understood  from  Figure  3.3,  Iho  two  meil  linesare  located  outside  die  freezer, 
except  for  a portion  of  the  FCU-T  melt  line  (7  feci)  which  is  located  inside  die  freezer. 
The  flow  of  melt  inside  this  7-foot  portion  is  protected  against  freezing  by  two  Easyhcai 
heal  cables  (model  number  CAHB-03).  Each  heat  cable  is  3 feet  long  and  its  electrical 
specificadons  are:  120  Volts  and 


1 21  Watts. 


Figiiie3-3.  Meli  return  lines 


Fto«  Uiickness  measuremems  have  been  conflucied  employing  a demand  defrosl 
syaem  as  shown  in  Rgure  3-4,  which  is  used  lo  signal  Ihe  time  id  sum  ihe  dcfrosiioi 
mode  of  FCC-T.  It  is  also  used  in  ihc  conduci  of  visualization  studies  of  the  ftosi 
thickness  under  subsaiuraied  and  supersaturated  air  conditions.  Thissyslemconsisisofa 
commercial  frost  detector  head  (modei  number  CFDH-5)  to  accommodate  5/8"OD  lubes, 
and  a defrost  control  unit  switch  (model  number  DCUS-IOOE).  TTie  deiector  head  is  a 
"U"  shaped  inftnred  sensor  with  optics  on  the  inside  of  the  open  end.  An  infrared  light 
beam  crosses  the  open  end  of  the  sensor  to  detect  the  frost  thickness. 

The  detector  head  is  mounted  vertically  oa  a from  FCU-T  coil  tube  after  cutting  a 
potuon  of  the  coil  fins  and  is  employed  with  an  adjusting  screw  to  sei  ihe  head  to  the 
desired  frost  thickness.  The  delectorsensesthe  tiucknessofO.OSl"  when  iheadjusiing 
screw  is  turned  all  ihe  way  in,  and  senses  the  thickness  of  0.37y  when  the  adjusting  screw 
is  turned  all  the  way  ouu  For  the  other  frost  thickness  tanging  from  0.03r  to  0.375”,  the 
detector’s  operating  manual  provides  a table  showing  the  numter  of  adjusting  screw  turns 
needed  for  each  thickness  (Demand  1992),  Apictureof  the  detector  head  showing  the 
adjusting  screw  is  shown  in  Figure  3.5. 

The  defrost  comrol  unit  switch  isenclosedinajuDCtion  bos  and  mounted  on  the 
outside  of  the  freezer,  where  it  is  connened  to  the  detector  bead  through  a 15-fool 
polarized  plug  cable.  The  unii  switch  is  a normally-opened  conuei  that  closes  when  (be 
frost  build-up  on  the  detector  head  reaches  the  desired  adjusted  frost  thickness,  at  which 
point  the  infrared  light  beam  is  inietrupted  by  the  frost  build-up  (Demand  1990).  The 
closing  of  the  unit  switch  causes  a small  red  light  located  on  the  junction  bos  to  signal  the 
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^£ure  3.4,  Dem&nd  defrost  system  mounted  on  PCU-T 
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beam  crossing,  i.e.  Uie  dcsiiod  frost  thickness,  and  also  sends  a 5-Voll  DC  analog  signal  to 
the  CDiDpuier. 


Tbe  lempcmiurcs  in  Fahrenheit  have  been  measured  at  twenty  locations  using 
coppcr-constaman  (type-T)  thermocouples  formaainiiim  accuracy.  This  type  is  suitable 
for  low  temperature  appUcations  as  well  as  up  to  700*F(ASHRAE  1993;  Omega  1992b). 
The  locations  of  the  iwenty  ibermocouplesareideniifiedinTable  3,l,andareshownin 
Figures  3.6  through  3.10,  while  the  iluidsiheymeasurearcalsoideniiliedinTableJ.l. 
All  thermocouples  have  been  calibrated  using  a constani-iemperalure  waurr  bath 
manufaenued  by  Polyscience  Corporation  Imodel  number  80). 

As  can  be  seen  in  Rgute  3.6.  thermocouples  (TC3  and  TC7)  measure  the 
temperature  at  Ihesame  location,  whileihetmt>couplesCTC6aDdTC8)do  the  same  thing 
at  a tURcrem  location.  This  practice  is  followed  to  confirm  the  accuracy  of  leraperaiure 
measureroenls  at  ihese  two  localions.  Temperanrie  measurements  using  iheimocouples 
TC3  and  TC6  are  the  ones  utilized  in  calculaUons  for  this  project.  Temperature 
metututeroent  of  thennocouple  TC9  is  identified  as  the  FCU-T  coil  entering  air  dry  bulb 
temperature  1EAT>,  while  temperatuiemeasurememofUietmocouplcTClOisidemilKd 
as  Ihc  FCU-T  coil  leaving  air  dry  bulb  temperalure(LV).  Temperature  measuremem  of 
thermocouple  TC3  during  the  PCU-T  refrigeraiion  mode  is  idenllRed  as  Uie  FCU-T  coil 
leftigeram  lemperauire  (CRT).  All  the  temperarure  measuremems  have  been 
a compuicr  employing  n dam  acquisiiion  system. 


I recorded  by 


1 

1 

] 

1 

1 

i 

in  Ficure  3.7.  1 

i 

Shown  in  Fleurt  3.9.  1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

ii 

1 

1 

J 

J 

1 

1 

1 

1 

1 

1 

i 

I 

1 

ij 

1 

1 

1 

1 

S 

i 

s 

S 

s 

3 

i 

1 

•i 

5 

ti 

1 

s 

2 

3 

1 

S 

-a 

4 

i 

1 

b 

£ii 

•S 

I 

1 

a 

i 

1 

1 

1 

g 

! 

1 

1 

1 

1 

i 

t 

J 

1 

1 

1 

j 

e 

k 

i 

S 

1 

k 

i 

1 

1 

1 

1 

s 

1 

1 

1 

1 
1 
1 
1 • 

1 

i 

! ^ 
i 1 

i 

1 s 

i 

1 

1 < 

1 

1 

s 

\ 

1 

1 

1 

K 

i 

] 

1 

k 

1 

S 

1 

1 

1 

£ 

1 

1 

•8 

'2 

5 

i 1 
1 1 

g 

g 

g 

g 

g 

g 

1 

a 

74 


75 


76 


77 


78 


Refrigetani  pressures  have  been  measured  at  eight  locations  which  are  idenuTied  in 
Table  3^.  and  are  shown  in  Figures  3.11  and  3.12.  while  the  types  of  instruments 
(pressure  gage  and/or  pressure  transducer)  used  to  measure  each  pressure  ore  identified  in 
Table  3.3. 

The  RvE  pressure  gages  and  the  five  pressure  transducers  for  pressure 
measuiemems  PI,  P2.  P3.  PI  and  PS.  are  all  mounted  on  an  insinimeniation  board  outside 
the  tieezer  as  shown  in  Figure  3. 13.  The  pressure  gages  and  pressure  transducers  on  the 
instrumentation  board  ore  connected  to  the  refrigerant  lines  through  l/4"OD  copper  pilot 
line.s.  Each  of  pressures  PI  and  P4  is  also  measured  by  a second  pressuie  gage  mounted 
direclly  on  the  refrigerant  line  in  addition  lo  the  one  on  the  instrumemaiion  board.  The 
pressure  gage  mounted  direciJy  on  the  hot-gas  line  for  piessuie  measurement  P4  is  shown 
in  Ftgure  3.14. 

The  pressure  gages  used  to  measure  prcs.sures  PI,  P2.  P3.  P4,  P3  andP7,are 
manufactured  by  Ritchie  Engineering  Company  Inc.,  while  the  pressure  gages  used  to 
measure  piessures  P6  and  P8,  are  manufactured  by  Weksler  Instruments.  The  pressure 
transducers  used  to  measure  pressures  PI.  P2.  P3.  P4.  and  PS  are  manufactured  by 
Mamac  Systems  Inc.  (model  numlxrPR-262-S-I2-A-l-2-B).  These  uansducers  have  a 
pressure  range  of  0 to  270  psig  and  can  operate  at  a temperature  limit  up  to  IgO'F.  The 
Mamac  pleasure  iransduccrsarcaccurateio  ± 1%  oftbe  full-scale  andneedaDC  power 
supply  of  12-28  Volts  to  operate,  while  they  send  direct  output  agnais  of  4-20  mA 
(Mamac  1990a).  The  output  agnais  are  received  by  the  computer  through  the  data 
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Figure  3.  [3.  Pteesuie  gagej  j 
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The  Cule-Parmer  ptessure  inmsducers  (model  mimberH-68972-12)  are  used  lo 
measufe  pressures  P6,  and  P7.  These  uansducers  have  a pressure  range  of  0 to  200  psig 
and  can  operate  ai  aiemperauiie  limtiupro  I7S’F.  They  are  accurate  to  ±0.1%  of  the 
full-scale  and  need  a DCpowcrsupply  of  9-30  Volts  to  operate,  while  they  send  output 
signals  of  4-20mA  (Cole-Parmer  1995).  The  output  signals  ate  received  by  the  computer 
through  the  data  acquisition  system.  A Hewlett-Packard  DC  power  supply  (model 
number  62024C)  has  been  used  to  supply  the  DC  power  required  by  the  Mamac  and  the 
Colc-Parmer  pressure  transducers.  This  DC  power  supply  provides  a voltage  of  24  ± 5% 
Volts  and  an  amperage  of  1 .75  Amps. 

Pressure  measurcmem  P7  rcpre.scntsthecompressor  refrigerant  suction  pressure, 
while  pressure  measurement  P8  represents  the  discharge  refrigerant  pressure  of  the 
receiver.  The  pressure  gage  for  meosuring  P8  is  only  used  as  a safety  measure  m indicate 
the  discharge  refrigerant  pressure  of  the  receiver  in  order  to  conTitm  dial  diis  pressure 
does  not  reach  a high  value  (gteaier  ihau  250  psig).  During  the  qualiTication  tests  of  the 
tefrigeraiion/dcfrosl  system,  pressure  transducers  for  P3  and  P6  failed  to  operate 
successfully.  Therefore,  the  pressure  values  for  P3  and  P6have  been  recorded  manually 
by  reading  the  pressure  values  from  die  pressure  gages. 

The  differential  pressure  of  the  air  (P«a)  across  the  FCU-T  coil  has  been  detected 
as  can  beseen  in  Figure  3.15.  A Mamac  low  pressure  inmsducer  (model  number  PR-272- 
5-12-A-l-l-A-E).  and  iwn  Mamac  static  pressure  probes  (model  number  A-520-2-A-1) 
have  been  utilized  for  that  purpose.  Each  of  the  two  8"  long  aluminum  probes  has  two 
oriTices  opposing  each  other  on  a vertical  position.  Each  probe  is  attached  to  a 2"OD 
flange  which  is  used  to  mount  the  probe  on  the  FCU-T  sheet  metal  frame  by  drilling  a 1/4" 
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and  iitsening  the  probe  in  dial  hole.  The  probes  ate  inserted  in  a way 


that  the  oriftces  will  be  in  parallel  with  the  air  How.  Each  probe  is  connected  to  the  low 
pressure  transducer  by  a l/4'’OD  capper  pilot  line  having  PVC  end  ccnneclions.  The 
probes  are  capable  of  operating  under  a masimuro  pressuie  of  10  psig  and  a maximum 
letDperatuteor250'FfMamac  1991). 

The  Mamac  low  pressure  transducer  is  mounted  on  the  instrumentation  board  and 
is  capable  ofdeiecting  less  than  O.OOr  water  column  differential  (WCD)  pressure  change. 
It  has  a pressure  range  of  0 to  0.50"  WCD  and  can  operaie  at  pressure  and  lempetatiite 
limits  up  to  10  psig  and  lOS'F.  respectively.  This  low  pressure  transducer  is  acntraie  to  ± 
1%  of  the  full-scale  and  needs  a DC  power  supply  of  12-23  Volts  to  operate,  while  ii 
sends  direct  output  signals  of  4-20  niA(MamK  1990b).  The  output  signals  are  received 
by  the  computer  through  the  data  acquisition  system.  The  DC  power  supply  is  provided 
to  this  low  pressuie  transducer  from  the  same  Hewien-Pacfcard  DC  power  supply  used  for 
die  other  pressure  transducers. 


lefcigecation/defrost  system.  AsshowninFigure3.l6.ihehoi-gasand  tbedefirosiorilxe 
melers  (Items  32and  33.  respectively,  in  Figure  3.16lareusedio  measuretherefrigeranl 
vapor  mass  flow  rates  while  the  uirbine  flow  meter  atero  30  in  Rgurc  3. 16>  is  used  to 
measure  Ihe  liquid  refrigeram  mass  flow  rale. 


meter  (model  number  M2),  where  both  are  manufactured  in  house.  Thctwoorifice 


Refrigeram  mass  (low  rates  have  teen  measured  at  three  locations  in  (he 


MI)  is  identical  10  the  defrost  orifice 


89 


I 


1 


5 


90 

meiers  were  lesied  for  their  perfomiance  before  their  installation  on  the  piping  system. 
Results  of  the  performance  tests,  and  the  i»)tiaiians  derived  to  calculate  the  refrigerant 
vapor  mass  flow  rate  are  discussed  in  Appendix  E.  A schematic  describini  the  shape  and 
dimensions  of  the  oriiice  meters  can  be  seen  in  Figure  3.17.  Both  meters  are  of  the 
conccmiie  type  with  sharp  edges,  and  are  employed  with  a D-and-D/2  laps.  The  inside 
diameier  (D|)  of  the  pipe  is  0.S2T'.  while  the  throat  diameter  (D,)  of  the  orifice  is 
0.2625".  The  ratio  (p ) of  the  orifice  throat  diameter  to  the  pipe  inside  diameter  la  0.5. 

The  refrigenni  vapor  differential  ptessureactossihehoi-gasorince  meler  Olem 
32  in  Figure  3.16)  is  measured  using  an  ultra  low  differential  pressure  transducer.  This 
transducer  is  mounted  on  the  insmmteniation  board  and  is  connected  to  the  ups  of  the 
hot-gas  orifice  meter  through  two  l/4"OD  copper  pilot  lines.  The  differential  pressure 
transducer  is  manufactured  by  Validyne  Engineering  Corporation  (model  number  DP103- 
14-V-1-S4-G)  and  is  equipped  with  a replaceable  sensing  element  (stainless  steel 
diaphragm).  It  baa  a pressure  range  of  Olo  0.S9"  waiercolumndifferen(iaUWCD)andis 
accurate  to  ± 0.25%  of  the  full-scale,  while  it  can  operate  at  a lempeiauire  limit  up  lo 
I60'F  (Validyne  1994). 

A sine  wave  earner  demodulator  is  connected  to  the  above  differential  pressure 
transducer  through  a 50-fooi  electrical  cable.  The  demodulator  is  maoufacnired  by 
Validyne  Engineering  Corporaiion  (model  number  CDI5-A-1-A-1)  and  is  used  to 
condition  the  output  signals  of  die  differential  pressure  traMducet.  The  electrical 
spedQcatioiis  of  the  demodulator  are:  105-125  Volts,  60-400  Hz.  and  5 Watts.  The 
demodulator  can  operate  at  a temperature  limit  up  to  185*F(VaUdync  1988). 
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Tlie  Validyne  deiDodiilaior  applies  a sine  wave  exciudon  lo  the  Validyne 
diffcicnlkJ  pressure  iransduccr  which  causes  ihc  Inner  to  send  Us  AC  output  signals  back 
10  Ihc  demodulalor.  The  dcmodulalor  receives  these  AC  signals  and  amplilies.tecdnes. 
and  then  niters  them  into  output  signals  of  ± DC  voltages.  This  DC  voltage  represents  the 
magninide  of  the  differential  pressure  acro,ss  die  hot-gas  orifice  meter,  where  the  Validyne 
demodulator  has  an  output  DC  voltage  range  of  1 10  Volts  (Validyne  198S:  1993).  The 
demodulator's  DC  output  sgnals  are  received  by  the  computer  employing  the  data 
acquisition  sysleiri. 

The  refrigemni  vapor  differendal  pressure  across  the  deCrosi  orifice  meter  (Item  33 
in  Figure  3.16)  is  measured  using  aCEC  dincrenUal  ptessitre  transducer  which  is  mounted 
on  the  instrumentation  board  and  connected  lo  the  laps  of  the  defrost  orifice  meter 
ihiougb  two  l/4"OD  copper  pilot  lines.  This  transducer  imodel  number  4-3S 1-0 1S2)  is  an 
accurate  strain  gage  type  pres^  transducer  dial  has  a pressure  range  of  0 to  20  psid 
The  transducer  needs  a DC  power  supply  to  operate.  whUe  it  sends  output  signals  to  tbe 
computer  through  the  data  acquisition  system. 

The  CEC  differential  pressure  transducer  is  connected  to  a digital  strain  gage 
indicator  dirough  an  electrical  cable.  This  indicator  is  manufaclurcd  by  Vishay 
Inienechnology.  Inc.  (model  number  VIE  20A),  and  is  used  to  provide  a DC  power  supply 
to  the  transducer.  The  digital  strain  gage  indicator  is  also  used  to  provide  a numerical 
display  of  the  stressapplied  on  the  strain  gage.  The  electrical  specifications  of  the  digital 
strain  gage  indicator  are:  105-130  Volts.  30-60  Hz,  and  10  Waus. 

The  turbine  fiow  meter  (Item  30  in  Figure  3.16)  is  raanufaciured  by  Signet 
Scientific  Company  (model  number  MK 
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the  liquid  refrigerant,  [lisapnddtewheeliransducer  mourned  on  a mini-tap  filling,  where 
the  latter  is  constnicted  in  house.  This  mini-i^fitiingisweldcdioasmall  l-l/g"OD 
portion  of  the  liquidrcftigerantpipe,  wherethe  paddlcwheelishoused.  The  paddlewheel 
transducer  has  a stainless  steei  construction  and  is  equipped  with  a sensor  (model  number 
MK-S25-I I and  a paddlewheel  of  four  blades  (Signet  1994). 

The  turbine  flow  meter  is  emfdoyed  with  a Signet  analog  flow  meter  (model 
number  MK-SS4)  which  conwis  of  two  gages.  One  of  the  gages  has  a flow  rate  range  of 
0 (0  12  gpm,  while  the  other  has  a flow  rate  range  of  0 to  SO  gpm  (Signet  1994).  A 
picture  of  tbeSignetanalogflowmeierisshownin  Figure  3.18.  The  analog  flow  meter  is 
ealetnally  powered  with  a SigneiDCpower  supply  (modelnumberP3007S)in  order  lo 
operate  the  two  gages. 

The  paddlewheel  transducer  is  installed  in  a way  that  allows  the  paddlewheel  to  be 
located  at  the  ceoier  of  the  pipe.  This  location  will  cause  the  transducer  to  sense  the 
maximum  local  velodiy  of  the  liquid  refrigeroni  The  maximum  local  velocity  sensed  by 
the  transducer  is  about  25%  higher  than  the  local  average  velocity  of  the  liquid  refrigerant. 
As  the  liquid  refrigerant  flows  through  the  pipe  housing  the  paddtewheel.il  causes  the 
paddlewheel  to  rotate  which  causes  the  paddlewheel  blades  u>  cross  the  magnetic  field  of 
the  coil  in  (he  transducer.  Esch  blade  crossing  of  the  magnetic  field  will  induce  an  output 
AC  voltage  in  (be  coil  in  the  form  of  a sine  wave.  This  wave  is  the  output  signal  that  will 
be  sent  to  the  computer  through  the  data  acquisition  system,  as  well  as  the  Signet  analog 
flow  meier  (Sigiet  1994). 

The  frequency  of  ihe  output  signals  (number  of  output  sgnaJs  per  second)  is 
directly  proponional  to  the  maximum  local  velocity  of  the  liquid  refrigerant  This 
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Figure  3.18.  Signet  analog  flo\v  i 


95 

frequency  is  measuied  in  Hem  and  stored  by  the  compuier.  while  Ihe  calibration  factor  of 
this  turbine  flow  meter  is  15  He  per  foot  per  second.  The  equations  derived  to  calculate 
the  liqnid  le&igeiant  mass  flow  rate  are  discussed  in  Appendix  F.  This  turbine  flow  meter 
has  a flow  rate  range  of  1 to  30  feet  pet  second  and  is  capable  of  operating  under  a 
maximum  pressure  of  1500  psig  and  amaxinitim  icmperaluie  of  300'F  (Signet  1994). 


The  relative  humidity  (RH)  of  the  air  inside  the  freezer  has  been  detected  al  two 
locations  as  shown  in  Figure  3.19.  The  first  location  (RHl)isupsiteam  of  theFCU-T. 
\riiile  the  other  fRH2)  is  downstream  of  the  FCU-T  blower.  The  relative  humidiO' 
roeasuiemenis  were  performed  usmg  a Mamac  hutnidicy  irruisdocer  (model  number  HU- 
223-4-2-3-A)  at  each  location.  The  two  transducers  are  mounted  on  an  insiruraeniaiion 
board  outside  the  freezer,  while  each  uansdiicer  is  connected  to  a remote  probe  hung 
inude  ihefleezer  aiibe  position  shown  in  Figure  3.19.  These  two  remote  probes  serve  as 
huntidiry  sensors. 

The  two  Mamac  humidity  transducers  have  a humidity  range  of  Olo  100%  Ul 
and  are  accurate  to  ± 2%  of  the  full-scale.  TheyneedaDCpowersupplyofl2-2g  Volts 
to  operate,  while  they  send  output  ^goals  of  4-20  mA.  The  output  signals  are  received  by 
the  computer  through  the  data  acquisilion  system,  DC  power  is  provided  to  the  humidity 
transducers  from  the  same  Hewlett-Packard  DC  power  supply  (model  number  HP- 
620240  used  for  the  pressure  uansducers. 


3.1.7.  Beccicl 


been  condiicled  using  five  power  transducers 


iDanufnciuied  by  Ohio  Semiuoniu.  Inc.,  where  each  uatuduccr  has  been  assigned  to 

innsducar  measures  the  insianianeous  electric  power  and  the  electric  energy  consumplion 
of  its  assigned  devices.  The  speciricatioits  of  the  power  transducers  arc  shown  in  Table 
3.5  (Ohio  1992). 

Every  power  transducer  requires  an  AC  power  supply  to  operate,  while  it  sends 
Guqtui  slgoalsofe-20mA(OltiQ  1992).  The  4-20  niA  output  signals  are  calibraled  to  the 
instantaneous  electric  power  in  kilowatts  (kW)  as  shown  in  Table  3.5  and  are  received  by 
the  computer  through  the  data  acquisition  system.  The  computer  stores  the  measured 
values  of  the  irtstaoianeoiis  electric  power  in  kilowatis. 

Each  power  transducer  also  sends  ouqiut  pulse  signals  of  5 Volts  to  the  computer 
through  the  data  acquisition  system,  where  the  number  of  pulses  is  counted  and  stored. 
This  is  done  in  order  to  measure  the  consumed  electric  energy  by  the  assigned  devices  in 
Watt-hours.  Each  output  pulse  signal  from  power  transducers  PTl,  PT2  and  PT5 
represents  an  electric  energy  consumption  of  one  Watt-hour,  while  each  output  pulse 
rignal  from  power  transducers  PT3  and  PT4  mpresenis  an  electric  energy  cottsumpUon  of 
ten  Wau-hours  (CHiio  1992). 


A schematic  diagram  describing  the  electrical  wiring  is  shown  in  Figum  3.20.  while 
a summary  descriptionoftheeleetricalwiringcomponentscanbeseeninTabIe3.6.  The 


Table  3.4.  Power  Tcaiuducen  and  ihe  Devices  They  Measure 


Number 

Devices  They  Measure 

PTl 

II  PCU-Tfan. 

PT2 

I)  Three  beating  elemeuB  of  (be  waier-vapor  generaior 
(WVO). 

71  renmir  radiant  healer. 

(T3 

II  Sn  band  beatBreofthe  load  coniBensation  unit  (inn 

FT4 

1 1 Electric  duct  heater  of  the  aniTicml  load  generation 

1)  Two  light  fixtures  hanged  on  the  ceiliog  of  the 
psychromeiric  freezer  room. 

2)  Direct-drive  blower  of  the  artificial  load  generation 

3)  "Oean  up"  strip  heater  of  (be  anincial  load  generation 
4>  Electric  healing  cable  of  the  ardficial  load  genctadon 
51  Two  heaimvcahle.son  theFCU-T melt  line. 
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Table  3.6.  Summary  Description  of  (he  Elccirical  Wiring  Components 


Item 

Manuractuier 

Model 

DescripUon 

1 

Culine 

N/A 

SI 

2 

Cnrlina 

NIA 

Toeale  Switch 

S2 

3 

Cariino 

N/A 

Topple  Switch 

S3 

4 

Carlinr 

N/A 

S4 

5 

Carlina 

N/A 

S5 

6 

N/A 

S6 

7 

Catltne 

N/A 

8 

Carl  in* 

N/A 

Toeele  SwUch 

S8 

9 

Carlist 

N/A 

S9 

10 

Carliof 

N/A 

11 

firllne 

N/A 

12 

Carline 

N/A 

S12 

13 

Carline 

N/A 

Cadine 

N/A 

Topple  Switch 

S14 

12 

Tariinp 

N/A 

16 

Caiitne 

N/A 

Topple  Switch 

SI6 

17 

Cailinp 

N/A 

18 

ConmuierBotnls 

SSR-OAC05 

19 

ComnuierBotids 

SSR-OAC05 

Comnutpr  Controlled  Relav  for  S7 

20 

CofflDuierBoarrts 

SSR-OACOS 

21 

ComoulrtBoarrls 

SSR-OAC03 

22 

ComDUterBoards 

SSR-OAC06 

23 

ComouierBoanlt 

SSR-OACns 

24 

ComnuterBoaixU 

SSR-OAC05 

2J 

ComDUterBoards 

SSR-OAC06 

26 

CommiierBoarrls 

SSR-OAC05 

27 

ComouterBoarrts 

SSR-OACOS 

28 

ComDulerBoarfts 

SSR-OACns 

29 

ContouierBoards 

SSR-OACOS 

30 

CoidDuierBoards 

SSR-OACOS 

Commitr.rBoards 

SSR-OACOS 

ConiDuter  Controlled  Relav  for  S 14 

Table  3-6.  - < 
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lieni 

Maauraclurer 

Model 

Nuraher 

Deacripiion 

32 

CoiDDuierBoaMs 

SSR-OAC05 

rnmixiier  Controlled  Relay  for  S 15 

33 

CoiDDUtezBoarOs 

SSR-OAC05 

Comouier  Controlled  Relay  for  S 16 

34 

Poutf  k Bmmfield 

KRPA-IIAC-120 

Relay  for -SI 

35 

Pooer  ft  BnoDlield 

KRPA-llAG-120 

Relay  for.S2 

36 

Pouer  ft  Brumfield 

KRPA-IIAG-120 

Relay  for  S3 

33 

KRPA-IIAC-120 

Relay  for  S4 

38 

Poller  ft  Brumfield 

KRPA-IIAG-120 

Relay  fnrS5 

3S 

Pooer  ft  Brum  field 

KRPA-IIAG-120 

Relay  fnr  <16 

40 

Potter  ft  Brumfield 

KRPA-IIAC-120 

Relay  for  S7 

41 

Porter  ft  Brumfield 

KRPA-llAO-120 

Relay  fnr  S8 

47 

Pouer  ft  Brumfield 

KRPA-llAG-120 

Relay  forS9 

43 

Pom  ft  Brumfield 

KRPA-IIAC-120 

Relay  for  SIO 

44 

Pouer  & Bnimneld 

KRPA-llAG-120 

RelavforSII 

45 

Pouer  ft  BnimtieJd 

KRPA-llAG-120 

Relay  forS12 

46 

Pouer  ft  Brumfield 

KRPA-llAG-120 

Relay  forSI3 

47 

Pouer  ft  Brumfield 

KRPA-llAG-120 

Relay  forS14 

48 

Potter  ft  Bruofield 

KRPA-IIAC-120 

Relay  for -SI  5 

49 

T3)Uerft  Brumfield 

KRPA-IIAC-120 

Relay  forSI6 

50 

N/A 

NfA 

486DX  Comouter 

51 

Souare  D 

1-353640 

Mam  Duconneci  for  "A"  Cirtuiu 

52 

G.E. 

NP-2662I1-A 

DiiconiiecfA,"  for  FCU-TFan 

53 

Ohio  Semiironics 

W-llOE-T 

Power  Transducer;  PTl 

54 

Souare  D 

8910-DPA13 

Relay  for  FCU-T  Fan 

55 

Hnlmir 

4HP1 

FCU-TFan 

56 

C.E. 

NP-26621I-A 

Ducomiecf'Aii"  for  FCU-A  Blower 

57 

G.E. 

NP-2662II-A 

Disconnect  "A.  for  FCU-A  Blower 

58 

NfA 

N/A 

Relay  for  FCU-A  Blower 

59 

Davion 

5CI98A 

FCU-A  Blower 

60 

Souare  D 

8-40274-859-04 

61 

Ohio  Semiimniri 

W-020E-T 

62 

SouareO 

1020 

Relay  for  WVG 
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lietc 

MAnufactvuer 

Model 

Niunher 

Deschpiion 

63 

HCR  Inc. 

N/A 

Waief-VaoorGeiieraicir  (V/VCl 

64 

Soutre  D 

1020 

ttelav  for  Ceftmic  Raduni  Healer 

65 

Omen 

CRB:-312/240C 

66 

SouucD 

A-40274-BS0-01 

67 

Oiaepa 

SCR73Z-260-M 

68 

Ohio  Semiironics 

W-062E-T 

PowrrTr»n«rtiir»r  PT3 

69 

Chromalox 

HB-2030 

LCU  Band  Heaters 

70 

O.E. 

NP-266208 

71 

SouireD 

J-3S3642 

Diacoiinect'^i'*  forrnmnpeisnr 

72 

CoDcUnd 

4DL3-imT<lK 

Comofc-ssor 

73 

SouareD 

B-40274-8S9-04 

Disconneci  '3<'‘  for  Duel  Hcaier 

74 

Omeza 

SrR737.23IVM 

75 

Ohio  SemiliDiijcs 

W-062E-T 

Power  Traiuducer.  PT4 

76 

Wanen  Tech. 

HO-IO.OO-16X16 

Duel  Healer 

77 

Sauare  D 

40262-621-04 

78 

(«A 

N/A 

79 

Ohio  SeiDidonica 

W-117E-T 

80 

WA 

N/A 

Swiich 

81 

NJA 

N/A 

82 

N/A 

N/A 

Switch 

83 

hVA 

N/A 

84 

Poller  & Bn  imru-M 

KRPA-11AG-I20 

85 

Davion 

5C093A 

AniTiciil  Load  Generator  Blower 

86 

Ravchem 

W51-I2P 

87 

WA 

N/A 

Artificial  Load  Generator  Sirin  Heater 

88 

EaivhMi 

CAHB-03 

89 

WA 

N/A 

90 

N/A 

N/A 

Switch 

91 

Alien- Bradlev 

509-BOA 

Relay 

92 

MicroDiuon 

1800 

Oil  Pumn 

93 

Sportan 

LMC-PVE-5-1/2 

Heater  of  the  LMC  Element 
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Iiem 

Manufacturer 

Model 

Number 

Descnplion 

94 

AJco 

IO0RB2S3 

95 

N/A 

NJA 

96 

AUen-Bridlev 

509-B0A 

Relay 

97 

Vlldna 

SG-40550 

93 

Validvne 

CDI5-A-1-A-1 

99 

ArlviK  Scale  Co. 

610L 

100 

Hewleii-Packanl 

62024C 

DC  Power  Suoolv 

101 

SDortan 

MBM.S2 

102 

Sianer 

P30075 

DC  Power  Surolv 

103 

SsorUn 

E19S270 

104 

Soorlan 

BI0S2 

105 

Snorlan 

BI0S2 

106 

SDorlan 

E9S240 

im 

LMI-MUirw  Rnv 

A751-9ST 

108 

Danon 

4Z843B 

109 

Ravchem 

W51-6P 

IIU 

HPI 

NfA 

Defroninz  Healer  FJernejiit 

111 

Soorlan 

OE34S290 

112 

Maenauol 

18A43 

FCU-A  Melt  Solenoid  Valve 

E19S270 

PCU-T  Uouid  UiK  Solenoid  Valve 

114 

McMasier-Carr 

4738K43 

Meir  Dram  Solenoid  Valve 

MBI9S2 

Soorlan 

OE34S290 

117 

Soorlan 

BI0S2 

Defrcei  Refrizeram  Soknoid  Vnivp 

Ma*nalrol 

18A44 

PCU-T  Melt  Solenoid  Valve 

N/A 

Chromaloi 

N/A 

E5SI30 

Sootian 

E3SI30 

123 

Demand  Defrosi 

DCUS-IOOF 

Defrost  Control  IJnn 

105 

Carling  loggia  swilcbui  (lierai  I lo  16  in  Figure  3.20)  used  (o  0|Knic  the  sysiem  are 
single  pole  douUe  throw  swiicbes.  while  the  Poner  and  Brumrield  relays  assigned  lo  them 
(Iicins  34  to  49  in  ngUTC  3.20)  arc  double  pole  double  throw  relays.  A picoire  showing 
Ihe  control  panel  with  die  toggle  switches  and  their  relays  mounted  on  the  panel  can  be 
seen  in  Figure  3.21. 

The  toggle  switches  have  three  positions  (on,  cdf.  and  automatic),  and  are 
connected  to  the  devices  in  a way  that  all  the  devices  can  be  opemied  maiiiiaUy  by  the 
switches  while  some  devices  can  be  operated  by  the  computer  through  the  data  acquisition 
system.  Each  toggle  switch  is  assigned  to  operate  certain  devices  in  this  project,  where 
the  toggle  switches  and  the  devices  they  (uocUon  are  identified  in  Table  3.7.  The  toggle 
switch  S17  (Item  17  hi  Figine  3.20)  is  not  connected  to  a computer  controlled  relay, 
where  its  automatic  position  is  also  used  as  a manual  portion.  The  toggle  switch  S17  is 

radiant  heater.  Items  63  and  65.  respectively,  in  Figure  3.20)  with  their  assigned  water 
feed  solenoid  valves,  where  each  toggle  switch  position  is  connected  to  one  steam 
generator  and  its  water  feed  solenoid  valve. 

As  can  be  seen  in  Figure  3.20.  Uiere  arc  four  AC  cunent  sources  that  supply  the 
system  with  the  required  electricity.  The  major  AC  cuirem  source  is  Ihe  one  that  supplies 
electricity  to  the  main  disconnects  of  the  "A"  and  ‘3"  circuits  (Items  51  and  70. 
respectively,  in  Rgure  3.20).  The  "A"  circuit  begins  from  the  main  disconnect  (Item  5 1 in 
Figure  3.20)  and  branches  out  through  the  '■Ai".“Ati"."Ar,  and  "Aj"  discomiccLS  (Items 


66.  respectively,  in  Figure  3.20).  The  "B"  circuit  begins  from  the  main 
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diiconneci  (iien  70  in  Hgure  3.20)  and  brandies  itiiough  the  “Bi"  and '‘Bi'’dUconnecis 
(Items  71.  and  73,  respeciively,  in  Fgiire  3.20). 

Two  of  the  ramaijiing  AC  cuneni  sources  supply  the  system  with  eiectriciiy  from 
breakers  (Ilems  89  and  95  in  Figure  3.20)  located  in  an  electrical  room  near  the  laboratory 
where  the  focilily  is  housed.  The  fourth  ACcurTenisourceissuppliedframabteakerina 
panel  called  "Panel  Cg"  (Item  77  in  Figure  3.20)  located  inside  die  laboratory.  There  are 
two  disconnect  switches  assigoed  for  PCU-A  (Items  56  and  57  in  Figure  3.20).  One  of 
ihese  switches  is  installed  very  close  to  the  FCU-T  for  safety  measures. 

The  Hewlett-Packard  DC  power  supply  (liein  100  in  Figure  3.20)  is  the  iinilto 
supply  DC  power  to  all  the  Mamac  iransducers  and  the  two  Cole-Parmer  pleasure 
uansducers.  while  the  Signet  DC  power  supply  (Item  102  in  Rgure  3.20)  is  the  unit  to 
supply  DC  power  to  the  Signet  analog  flow  meter.  The  Validyne  demodulator  (Item  98  in 
Figure  3.20)  is  the  charger  and  signal  conditioner  for  the  Validyne  differential  pressure 
uansducer.  The  Vishay  digital  strain  gage  irtdreator  used  for  the  CEC  differential  pressure 
transducer  is  not  shown  in  the  electrical  wiring  diagram  since  it  is  conrtected  to  the 
electrical  outlet  (Item  78  in  Figure  3.20). 

The  FCU-A  blower,  motors  of  the  FCU-A  dampers  linear  acuialors,  die  dampers 
tiames  heating  cobles,  and  the  defrostihg  healer  elemenis  (Ilems  59, 108.  109  and  110, 
respeedvely,  in  Figure  3.20)  are  ad  operated  ihdividually  dirougb  the  coolrol  panel  located 
in  the  alcove  ofdie  FCU-A.  This  FCU-Acontroi  panel  has  sin  switches  connected  lo  it. 
where  each  switch  is  set  to  three  different  operating  modes.  The  three  modes  arc  the  on. 
off.  and  the  automauc  mode  of  opetadon.  The  switches  ate  connected  to  connul  the 
opetalioits  of  the  FCU-A  blower,  the  FCU-A  Ughi  nature,  the  motors  of  the  FCU-A 
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dampers  linear  aciuaiors.  Die  PCU-A  detrosiing  heaier  elements,  the  FCU-A  eleciiic 
healing  cobles  and  Lhc  FCU-A  raceplacics, 

As  can  be  seen  in  Table  3.7.  ihedevlcesoperaiedby  toggle  swiichSll  are  the 
FCU-A  wei  return  slop  solenoid  valve,  the  molars  ol  the  FCU-A  dampers  linear 
ocRialors.  the  FCU-A  defrosting  healer  clemenis  and  liie  FCU-A  electric  beating  cables. 
When  toggle  switch  SlI  Is  switched  on.  the  FCU-A  wet  return  su^ solenoid  valve  is 
energiKd  to  close,  the  motors  of  the  FCU-A  dampers  linear  actuators  will  close  the 
dampers,  the  FCU-A  defrosting  heater  elements  are  switched  on  while  the  FCU-A  electric 
heating  cables  are  switched  oS. 

3.2.  Data  Acamsiiion  System 

The  data  acquisition  system  used  is  capable  of  performing  the  lesi  calculaiions 
insuimaneously  as  the  data  are  read  and  stared.  Based  on  these  test  coJculaiioiis.  the  data 
acquisition  system  can  be  programmed  to  send  feedback  signals  lo  the  components  of  (be 
refiigereilon/definst  system  in  order  to  react  accordingly.  While  (his  data  acquisition 
.ty.sicm  is  capable  of  recording  daia  at  a rate  of  100  Hz.  it  was  decided  to  average  the 
readings  over  a 5-second  inierval  for  purposes  of  Hmiring  the  amount  of  data  collected  and 
in  order  to  crtnserve  disk  space.  Thus  every  daia  point  collected  and  plotted  represeius 
the  average  of  500  madiogs.  The  data  acquisition  system  designed  consists  of  a computer, 
software,  and  data  acquisitloo  boards.  Detailed  descriptions  of  these  items  follow. 


V2.I.  Cnmnutef 


The  computer  employed  hue 3486sysiemmnUterboan)<senalmunbcr092192) 
which  feautes  an  Inlel  486DX  cenual  processing  unil  with  a speed  of  SO  MHz  and  an  on 
board  cache  memory  (RAM)  of  256  kilobytes.  The  main  memory  (RAMI  of  this 
computer  is  8 Megabytes.  This  high  performance  motherboard  has  six  I6-bi(slots  for 
interface  cards,  while  one  of  these  slots  is  a locaJ  bus  slot  for  adapting  a proper  local  bus 
device.  An  enhanced  video  graphic  adapter  (VCA)  board  is  used  on  iMs  motherboard 
local  bus,  where  the  enhanced  VGA  board  has  a I Megabyte  video  memory  (RAMI  and 
supports  a resolution  of  1024  x 768  with  both  interlaced  and  non>interiaced  modes. 

The  computer  has  two  floppy  drives  and  one  hard  drive:  a 1.2  Megabyte  5.25"  artd 
a 1 .44  Megabyte  3.5"  Ooppy  drives,  while  the  hard  drive  is  850  Megabyte.  The  hard  drive 
is  manufactured  by  Wc.stem  Digital  (model  number  WDAC2850-O0F).  These  drives  are 
installed  m a full  tower  case  that  has  a DC  power  supply  of  230  Watts.  This  computer  is 
employed  with  a multi-function  controller  IDS  card  (model  number  SAI2S7)  that  conuols 
the  hard  drive.  This  card  is  installed  on  one  of  the  motherboard’s  I6-t»t  slots.  The  card 
also  controls  the  floppy  drives,  one  game  port,  one  parallel  printer  port,  and  two  serial 
ports.  One  of  the  serial  ports  is  connected  to  the  computer  mouse  while  the  other  is 
connected  to  the  digital  scale. 


3.2.2.  Software 

The  PC-based  data  acquisition  and  process  control  software  called  LABTECH 
CONTROL  for  Windows  (version  5.1)  was  used  in  this  research.  This  software  is 
designed  by  Laboratory  Technologies  Corporation  and  is  capable  of  monitoring  and 
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controlling  Uw  processes  peifomedbythererngerailon/defrosisysiein.  The  software  is 
piogiaiDiDed  to  read  the  signals  received  from  the  data  acquisition  boards  and  is  capable 
of  convening  there  to  the  appropriate  engineering  units  and  storing  them  in  the  hard  drive. 
The  software  can  use  the  dau  it  gathers  as  feedback  to  control  various  devices  during  the 
operation  of  the  refrigeiadonldeCiost  system. 

The  software  is  provided  with  graphical  interface  called  'TCONview"  which  is 
used  10  cieaie  die  monitoring  and  comrolling  setup  required  by  the  project.  The 
ICONview  interface  consists  of  different  types  of  icons  represeming  diffcrcni  types  of 
measurements  (i.e.  lentperaurre  icons,  pressure  icons,  power  icons,  etc.).  Each  icon 
provides  a block  for  a angle  monitored  variable  and  die  parameiers  (i.e.  sampling  rale, 
engineering  uniu.  etc.)  needediodeline  diemoniroredvari^leatedefinedin  dial  block. 
This  software  is  capable  of  providing  a maximum  of  600  blocks  (CompuierBoards  1994a). 
A picture  showing  compuier  monitoring  of  several  diOereni  blocks  is  shown  In  Figure 
3.22. 

The  software  has  the  capahlUty  to  perform  calcidtuions  during  the  opecuiion  of  ibe 
refrigeration/defTTisi  system  and  beneftl  from  die  results  of  these  calculations  in  comrolling 
the  various  operations  of  the  system.  The  software  provides  die  user  widi  the  capability  to 
uigger  any  block,  in  order  tocheckorchangetheparamcteraof  the  measured  variable, 
while  the  system  is  in  operation  (LABTBm  199J1, 


Several  data  acquisiiion  hoards  manufactured  by  CumputerBoards.  Inc.,  have  been 
used  in  diis  pmjecL  A schematic  describing  the  layoui  nf  the  data  acquisiiion  boards  with 
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Iheir  inpul/oiitput  ugiuJs  can  be  seen  in  Rgure  3.23.  while  a summary  dc4^plioo  of  the 
data  acquisition  hoardscan  be  seen  in  Table  3.8.  The  four  data  acquisition  boards  (Items 
3.  4,  3 and  6 in  Rgure  3.23)  are  mounted  on  the  reniainini  four  16-bilslotsof the 
computer's  moiheiboard. 

The  analog  signals  from  the  diffetenbal  pressure,  boniidity,  and  pressure 
uansducers  and  from  the  demand  defrost  conirol  switch  are  all  received  by  the  analog 
input  multipleaor  (Item  1 in  Figuie  3.23)  while  all  the  thermocouple  signals  ate  received 
by  the  mher  analog  input  multipleaot  (Item  2 in  Figure  3 J3).  The  tsvo  analog  input 
multiplesois  (model  number  CIO-EXP32)  are  identical  and  are  used  for  signal 
conditioning  and  lo  expand  the  total  number  of  analog  input  channels  to  the  data 
acquisition  boards.  Each  multiplexor  is  equipped  with  a lemperaiure  sensor  on  board  for 
accurate  ihermocouple  temperature  measurements.  The  lempeiaiiue  sensors  will  measure 
the  board  temperauire  at  the  location  of  the  board  screw  lerminals  and  compensate  its 
value  from  toeasiuemenis  of  the  Utennocouple  tempereiure  (CompuierBoards  1992a: 
1994a). 

The  analog  signals  leaving  the  iitsi  multiplexor  (Item  1 in  Figure  3.23)  will  be 
received  by  ananalog-(u-digiialconvener|mode!numberC10-DAS03|wlieietbedigiial 
signals  are  then  stored  in  ihe  hard  drive.  This  analog-io  digilal  converter  (Item  3 in  Figure 
3.23)  is  employed  with  a 24-bli  digital  input/ouipiu  connecior  which  is  used  lo  send  digital 
control  signals  lo  the  solid  siale  relays  mourned  on  an  inictface  rack  (liem  7 in  Figure 
3.23)  in  order  to  operate  the  switches  and  devices  of  the  reftigemUonfdcfrost  system 
(CompuierBoards  1992b;  1994a).  The  thermocouple  analog  signals  leaving  the  second 
multiplexor  (Item  2 in  Figure  3.23)  ate  received  by  an  analog-io-digiial  convener  (model 
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number  CIO-DAS08-PGL)  where  ihediglialsignsis  are  ihensiored  in  the  computefbaid 
drive. 

'Hie  24  sdid  stale  relay  mouming  and  imerface  rack  linodcl  number  SSR- 
RACK24)  has  24  CompuierBoard  solid  slaic  relays  of  three  diiTerem  lypes  mounted  on 
IL  nieae  relays  consist  of  tour  input  DC  sensing  relays  (model  number  SSR-IDC05NP), 
four  input  AC  sensing  relays  (model  number  SSR-IACOS)  and  16  output  AC  switching 
relays  (model  number  SSR-OACOS).  The  latter  are  ihe  same  16  computet  controlled 
relays  for  the  control  panel  switches  shown  earlier  in  Section  3.1.8  (Hems  1 8 to  33  in 
Figure  3.20  and  Table  3.6X  A (HCUire  of  the  Solid  stale  relay  mounting  and  interface  rack 
located  at  the  bottom  of  the  control  panel  can  be  seen  in  Figure  3.24. 

A digiial'to-analog  signal  converter  (model  number  ClO-DACOS-l)  has  been 
employed  in  the  data  aojuisiiion  system  (Item  5 in  Figure  3.23).  This  is  used  to  convert 
the  digiiaJ  control  signals  sent  by  the  compuier  to  analog  current  output  signals  in  the 
lange  of  4-20  mA  (CompulerBoards  1993: 1994a)inotdertocomrollhc  water  mass  flow 
rate  of  Ihe  metering  pump,  the  load  of  the  load  compensaiion  unit  (LCU)  and  the  load  of 
the  electric  duct  heater  of  the  ardiicial  load  generator.  These  analog  current  output 
signals  pass  through  a universal  screw  leiminal  (Item  9 in  Figure  3,23:  model  number 
GO-M1NI37)  before  reaching  the  device  needed  to  be  controlled. 

The  output  signals  from  Ihe  power  innsducers  are  of  two  types.  The  fim  type  are 
4.20  mA  analog  output  signals  that  are  calibrated  to  measure  the  uistanianeous  electric 
power  in  kilowatts  (kW),  where  these  signals  are  received  by  the  first  analog  input 
multiplexor  (Item  1 in  Rgure  3.23).  The  second  type  are  output  pulse  signals  of  5 Volts 
to  measure  the  consumed  elccuic  energy  in  Watt-hours  for  specific  devices,  where  these 
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pulses  are  leueived  by  a couniei/iimer  board  (lem  6 In  Figure  3.23).  Tire  S-voH  output 
pulses  pass  through  a universal  screw  terminal  niem  8 in  Figure  3.23:  model  number  CIO- 
M1NI37)  before  being  leceived  by  the  counicr/timer  board  (model  numberClO-CTRlO). 
The  counteiyiimer  board  counts  the  number  of  pulses  and  then  stores  them  in  the 
computer  hard  drive. 

The  counier/iimer  board  (Iiem  6 InFigure  3.23)isuscd  forfretjuency  andpulse 
measmemems  since  it  has  event  coundni  capablliiy.  where  it  can  be  programmed  to 
perform  these  measurements  {ComputerBuards  1994a;  1994b).  The  frequency  of  the 
nutpul  voltage  agnals  from  the  turbine  flow  meter  is  also  measured  by  the  coumerytlmer 
board  and  then  the  measured  frequency  is  stored  in  the  computer  hard  drive. 

All  the  4-20  mA  analog  input  signals  received  by  the  first  analog  input  multiplexor 
(Item  I in  Figure  3.23)  have  been  convened  to  proportional  voltage  signals  in  the  range  of 
1-3  Volts.  This  conversion  is  done  placing  a 250-ohm  shunt  lesislor  across  every 
muldplexor  icnninal  that  receives  a 4-20niA  analog  signal.  A picture  of  the  rvro  analog 
input  mulliplexors  can  be  seen  in  Rgure  3.25.  while  ihe  two  universal  screw  icrminals  can 
also  be  seen  in  Ihe  iigtire  to  the  lighi  of  ihe  two  analog  inpui  muldpleiors. 


Figiue3.2S.  Analog  input  multiplexors 


CHAPTCR4 

TESTING  PROCEDURES  AND  DATA  REDUCTION 

'Die  purpose  of  ibis  chapter  is  to  provide  a descrlpiim  of  (be  lesiiag  ptocediues 
and  the  data  reduction  methodologies  used  to  determine  the  heat  loads  due  to  coil  hot-gas 
defrosbog.  The  discussion  of  the  testing  procedures  will  include  (he  initial  positions  of  the 
system  valves  before  starting  up  the  sysieitt,  the  start  up  operating  sequence  to  set  the 
psychromettic  freezer  room  to  the  desired  testing  condUlons,  the  operating  procedures  of 
a complete  refrigetation/hot-gns  defrost  cycle,  and  the  slint  down  operating  sequence. 

The  data  reduction  section  will  explain  in  detail  the  methodologies  used  in 
calcuinting  the  toiaJ  lefrigeraiion  load  rale,  the  average  load  sensible  heat  ratio,  the  defrost 
heal  input,  the  defrost  efficiency  and  some  other  important  parameters  that  lead  to  ifae 
detcnninailon  of  the  heai  loads  due  lo  coil  hot-gas  defrosting.  These  calculations  are 
performed  for  the  mftigeration  and  hot-gas  defrosting  modes  of  the  test  fan-coil  unit 
(FCU-T). 


The  testing  proceduiss  employed  in  this  investigotion  are  discussed  In  deoil  in 
j^ndix  G.  TheseproceduteswOlcovetlhcmitialpositionsofihesysiemvaJvesbefore 
sorting  up  the  syslem,  the  son  up  operating  sequence  to  set  the  freezer  (o  the  desired 
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testing  conditions,  the  operating  procedures  of  a compieie  rerrigeratioiVhot-gas  defrost 
cycle,  and  the  shut  down  operating  sequence. 


AU  the  methodotogies  used  to  perfonn  the  calculations  in  this  project  ate  explained 
in  detail  in  this  section.  These  methodologies  ate  employed  for  analyzing  the  refrigeration 
and  de&osting  modes  of  the  icsl  fan-coil  unit  (FCU-T).  The  loial  refrigeration  load  rale 

fO i)  is  calculated  coitsiderirtg  the  fact  Dial  Uiere  are  four  types  of  oaiurally  occurring 

heal  loads  that  contribute  to  it  the  transmission  load  (sensible  and  latent)  due  to  heal 
transfer  through  the  freezer  outer  surfaces:  internal  load  (sensible  and  latent)  from  the 
lights,  motors,  heaters  and  heating  cables  dial  reside  inside  the  freezer  product  load:  and 
the  iordiration  load  due  to  the  air  exchange  between  the  inside  and  outside  of  the  freezer. 

The  product  and  inftltraUon  loads  do  nol  apply  in  this  project  as  there  are  no 
products  kept  inside  the  freezer  and  the  freezer  doors  are  kepi  closed  during  the 
refrigeration  and  de&osiing  modes  of  PCU-T.  The  latent  components  of  the  uansniission 
and  iniemal  loads  are  negligible  and  are  nm  accounted  for  in  the  calculations.  A fifth  load, 
which  is  on  aitiflcUl  laieni  load,  is  also  contributing  to  the  value  of  the  total  refrigeration 
load  rale.  This  artificial  tueni  load  is  due  to  die  steam  injected  inside  the  freezer,  which  is 
provided  by  ihe  waler-vapor  generator  (WVC)  of  the  artillcial  load  generation  sysieta 

The  following  procedure  Is  used  to  calculate  Ihe  total  refrigeration  load  rale: 

I-  Calculate  Uiesensibleiransmissit)nheaigainihroughibermmwaU(Oi^)  inBtu  per 


hour  using  Ihe  following  equation: 
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Qf.=t/^Ah,(Ti-T,)  (4.1> 

Uf^  = OvtraJlcoefncientof  beallransferofUieftoill  wail(0.075  Blii/(lir-fl'-'F)) 
A|,  = Ouuideareaoflhefroniwall  (71.61  ft’) 

Tj  = Fteezfit  outside  air  temperature  (*F ).  whicli  is  the  tneasuremem  of 
thermocouple  TC20 

T,  = Freezer  in^de  air  temperature  ne«  to  the  froai  wail  (T  ).  which  is  the 
measuretnent  of  thermocouple  TCIS. 

Calculate  the  sensible  oaiisiDissian  heat  gain  Ihrougb  the  other  walls  <(^  I (the  rear 
and  side  walls)  in  Bht  per  hour  using  the  following  equaiioo: 
q„-o.a»(t!-t,)  (4,a 

= Overall  coefficient  of  heat  traiufcr  of  the  rear  and  side  walls 
(0.039  Btu/(hr-fl’-*F)) 

A„  = Ouisideateaoftherearandsidewalls(271.47ft’) 

T,  = Freezcrinsideairieraperamrene»itothettghtwall(*F),whichisihe 
measuretnent  of  thermocouple  TC14. 

Calculate  the  sensible  transtnission  heat  gain  through iheceiUng(Q£,)inBtupcr 
hour  tising  the  following  equation: 

Q.i=ydA^(Tj  -Ti) 


(4.3) 
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Uci  = OvcralUoeffideiiioflicaiiransfcrofUiecejliftg(0.028Bui/(hr-fi*-'F)) 

- Outside  area  of  the  nilijig  (129.36  ft^) 

T|  = Freeaer  inside  air  letnperauin:  neat  to  die  right  wall  ('F ).  which  is  the 
nteosuremcm  of  ihennocouple  TC14. 

Calculaie  Ihe  sensibk  transmission  heal  gain  through  (he  two  doors  (Q^)  in  Bin  per 
hour  using  the  following  equation; 

<>d,  = y*A*(Tj  -T,)  (4.4) 

where 

I/4r  = Overall  coefficieniofhcanransferofthe  doors  (0,070  Bni/<hr-ft'-*F)) 

= Outside  area  of  (he  (wo  doors  (30.46  fl^) 

T,  = Freezer  insideairiemperaturenuilotlic  front  wall  (‘Fhwhkhistiie 
Rieasuiement  of  theimocouple  TCIS. 

Calculate  the  sensible  transmission  heal  gain  through  the  two  windows  «5„)  in  Biu 
per  hour  using  the  following  equation; 

f/ = OvetallcoelBcienlnf  heat  transfer  of  the  windows  <0-51  Btu/(hr-ft’-*F)) 
A„  = Out5idcnreaofihetwowindows(2.34f^) 

T|  = Freezer  inside  air  lerapcmiure  neat  to  the  front  wall  (*F ),  which  is  the 


thermocouple  TCIS. 
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6-  Cilculaie  (he  local  sensible  mmsmisuon  hea(  gain  <0„)  in  Blu  per  hour  using  (be 
following  equalion: 

0,.  = Or.  + + Qd  + Q*  + 0«  (4.6) 

7-  ClalinUaie  (he  (olol  sensible  iniemal  heal  gain  ((^,|)  in  Biu  per  hour  using  (be 
following  equalion: 

0«  = (i*.  + Obtf.1  + Qr»  + Ow  + Q*e  + Q«h  * Oate  (4.7) 

where  <5*. . • On  • Qii«  • 0»t  and  are  (he  sentible  iniemal 

heal  gain  componenis  coniribuling  (o  (he  loial  sensible  iniemal  heal  gain  as  shown 
in  Table  4.1. 

8-  Calculaie  the  loial  naiural  sensible  heal  gain  ((^„)  in  Btu  per  hour  using  ihe 
following  equalion: 

0«  = 0u*0»  (4.8) 

9-  Calculate  ihe  average  frosi  lemperacurc  (T,  „,)  using  che  procedures  ouilined  in 
Appendix  H. 

10-  Calculaie  Ihe  loial  artificial  laieni  heal  gain  (1^,^)  in  Blu  per  hourusinglbe 
following  equalion: 

Ou-='h.(h:-h,)  (4.9) 

lb,  = Mass  now  rate  of  ibesiearainjecied  inside  Ihe  fnseier  during  (he  FCU-T 
refrigerauon  mode  (Ibm/hr).  This  mass  How  rate  Is  equal  lo  (he  adjustable 


i of  Ihe  meicring  pump  (Iiem  72  in  Figure  2.23) 
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(ASHRAE  1994). 
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hj  = Emhalpyof  steam. uiuraiedvaporauheaunosphericpre&sure.  where 
it  is  assumed  that  any  deviation  from  the  atmospheric  pressure  or  any 
superheaiini  may  safely  be  ignored  (Btu/Ibm) 
h,  = EnthalpyoflceaiUieaveragefrosttempersuiis(T{.r.().whereitis 


assumed  that  the  deviation  that  will  occur  from  the  Tf  may  be 
safely  ignored  (Biu/Ibm). 

II-  Calculate  tbe  total  le&igeraiion  load  rate  (Qoui)  ih  Btu  per  hour  using  Ibe 
following  equation: 

<5Bal=Q«,+QlUM.  (4.10) 


The  avemge  loadsensiblebeairaiiatLSiflDlsone  of  theimponant  variables  that 
has  been  calculaied  in  this  projetu  It  is  calculated  here  for  every  FCU-T  tefrigcradon 
mode  in  order  to  observe  its  behavior  as  the  mfrigeiation/defrost  cycles  progress.  The 
following  equation  is  used  to  calculate  the  average  load  .sensible  heat  ratio  (LSHR): 


<4.11) 


In  the  field  of  industrial  teftigeration.  where  the  hot-gas  is  the  major  method  of 
defiostiog,  it  b known  that  the  defrost  heat  input  from  ibc  hot-gas  will  be  utilized  in  three 
pans.  Fan  of  the  defrost  heat  input  will  be  used  to  melt  the  frost  while  the  second  pan 
warms  the  metal  of  the  coll  and  its  contents,  where  this  second  pan  will  be  transferred  to 
the  refrigerant  when  the  unit  cooler  switches  from  the  hot-gas  defrosung  mode  to  tbe  neat 
mfrigcratjon  mode.  The  third  part  of  the  defrost  heat  input  will  transfer  into  the  freezer 
space  (Cole  1989;  ASHRAE  1992b).  The  second  and  third  pans  represent  the  defrost 
heat  load  affecting  the  refrigeration  system. 
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The  concepl  of  t debosieniciency  (ilQ)hasbeen  usedin  IhisprojeciioanaJyze 
ibe  hot-gas  defrost  processes  of  (he  FCU-T.  The  defrost  efficiency  is  defined  as  the  ratio 
of  the  (oial  heat  requited  to  melt  (he  frost,  including  the  sensible  warming  of  the  frosL  to 
that  of  the  total  amount  of  defrost  heat  input  including  any  refrigeration  load  effects 
(Kerschbaiuner  1971). 

The  following  procedun:  is  used  to  calculate  the  defrost  efftciency; 

I-  Calculate  the  total  amountofdefroslheaiinpu((Q„p,i)i]iBtuusing(hefoIlowutg 
equation,  where  the  defrost  heat  input  is  calculated  in  short  time  intervals  and 
summed  up  over  the  entire  time  period  of  the  FCU-T  defrosting  mode; 

Q^,  = ^ ( ih.i  { hj  - h,  ) At ).  (4.12) 

ib„  = Mass  flow  rate  of  the  hot-gas  (Ibm/h)  flowing  through  (he  hot-gas  orifice 
meter  (Kent  32  in  Rgure  3.16).  and  Is  calculated  using  Die  procedure 
shown  in  Appendix  E 

hj  = Enthalpyofthehol-gasenteringtheFCU-TdiainpanfBui/hl.andis 
calculated  at  the  pressure  measurement  of  P4  and  the  temperanire 
mea.suremeni  of  TC4 

h,  = EnihalpyoflhedefrosirefrigeranileavingtheFCU-T(Btu/h).andis 
calculated  at  the  pressure  measurement  of  P3  and  the  temperature 
measurement  of  TC6 

At  = Shwt  lime  interval  in  hours  over  which  Uw  calculation  is  performed. 
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When  calculaiiiig  the  enthalpy  of  (he  defrost  tcfhgerani  above  (h,).  the  defrost 
refrigerant  might  eunasaliquid-vopor  mixoircforsomeperiodortuDe  during  the 
hot-gas  defrosting  mode.  During  that  time,  thequaliiyUjofthedefrostrefrigerani 
is  caicuiaied  using  the  following  equation: 


(4-13) 


ih,,  = Mass  (low  rate  of  the  hoi-gss(Ibm/h)  as  discussed  in  Equatioa(4.12), 

where  it  represents  here  the  total  mass  flow  rate  of  the  defrost  re/rigeram 
leaving  the  FCU-T  in  an  a.ssumed  steady  state  flow  process 
ih,2  = Mass  flow  rate  oftbevaporpanoftbedefrostrefrigetant(IbmA)  flowing 
through  (he  defrost  orifice  tneier  (Item  33  in  fugure  3.16),  and  is 
calculated  using  (he  procedure  shown  in  Appendix  E. 

Calculate  the  total  beat  required  toraeltihefrosifroraihe  FCU-T(Q„,)inBm 
using  the  following  equation: 

Qn«ii  “Hwa  ( he-hi ) (4.14) 

ni„i,  = MassafthemellcoUected(Ibm| 

hj  = Enthalpy  of  liquid  water  at  36.5*F,  which  is  the  approximate  leaving  melt 
temperature  as  detected  by  temperature  measurements  (Btu/Ibml 
h|  = Enthalpy  of  ice  at  the  average  frost  temperature  (T|  „,),  which  is  the 


value  discussed  before  in  Equation  (4.9)  (Btu/Ibm). 
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3-  Calculate  the  deCrasi  emdcucy  (IIq  I using  the  following  cquallon: 

>1D=|®®^(100) 


(4.15) 


Detetmining  the  heat  loads  assodalcd  with  coil  deliosiing  is  a luajor  objective  in 
this  project.  It  has  been  mentioned  before  ihai  the  utilized  second  and  third  pans  of  the 
defrost  heat  input  (the  heal  ixansferred  with  the  lefrigerant  and  the  heat  transferred  into 
the  freezer  space,  respectively)  represent  the  defrost  beat  loads  affecting  the  tefrigetaiion 
system.  Ibe  defrost  heat  loadrate(Oj^)inBtuperhottrduring  theFCXI-T defrosting 
mode  is  calctilated  using  the  following  equation; 


(4.16) 


tj  ~ Duration  of  the  FCU-T  hoi*gas  defrosting  mode  (hours). 

A new  term  called  "Average  CoU  Performance  Load  Rate"  is  defined  here  for  the 
purpose  of  a comparison  analysis  among  the  various  FCU'T  rcfrigeraiion/rlefrosl  cycles. 
The  Average  Coil  Performance  Load  Rale  (ACPLR)  is  defined  as  the  ratio  of  Ihc  sura  of 
the  total  refrigeration  load  and  the  defrost  heat  load  in  Bm  to  the  total  combined  dme  in 
hours  of  the  FCU-T  refrigeration  and  defrosiing  modes.  The  following  procedure  Is  used 
to  calculaic  die  Average  Coll  Performance  Load  Rate; 

1-  Calculate  the  total  refrigeraiion  load  (Quy ) in  Btu  using  Ibe  following  etpiaiion; 


QbuI  -QiouI  ir 


(4.17) 
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I,  = Duration  of  the  FCU-T  refrigeralion  mode  (liouisl. 

2-  Calculate  Uie  deiroai  heat  load  (Q^ ) in  Biu  using  the  following  equaiion: 

Qud=Qjrf'u  (4.18) 

I4  = Dixraiioa  of  the  FCU'T  liot'gas  defroaiing  mode  OiouTS). 

3-  Calculate  the  total  time  duraiion(t,)inhoursforacoRiplcteFCU-TRfngeiatiOD 
and  defrosting  cycle  using  the  following  equation: 

'!  = >,  + lu  (4.19) 

4-  ralctilote  the  AverageCoUPerfomiaiKe  LoadRale(ACPLR)inBniperhottr  using 
the  following  equation; 

ACPLR  = ^'^‘’“‘*°»tJ.  (4.20) 

In  many  lefrigerauon  systems,  the  theoretical  contribution  of  the  fan  and  defrost 
heat  load  to  the  net  refrigeration  load  cneeeds  15*  of  the  net  le&igeration  load 
(ASHRAE  1994),  where  the  net  lefrigeration  load  equals  the  total  refrigeration  load  less 
the  fan  heat.  Considering  that  Idea,  the  ratio  of  the  fan  and  defrost  heat  loads  to  the  net 
refrigeration  load  has  been  utUiztid  here  in  this  project  for  the  comparison  analysis  among 
the  various  FCU-T  refrigeraiion/defrcist  cycles,  and  is  given  the  name  “Fan-Defrost 
Contribution”  (FDC). 

The  following  procedure  is  used  to  calculate  the  Fan-Defrost  Contribution: 


1 - Calculate  the  1 
Qr„=Qfta 


t(Qiu)  in  Btu  using  the  following  equation: 


(4.21) 
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Q,„  = Fm  power  (Biu/h) 

I,  = Duration  of  the  FCU-T  rcfrigeraiion  mode  (lioius). 

2-  Calculeie  the  net  rafrigeniiofl  load  (Q^)  in  Btu  using  die  following  equation: 

Qob 'Qbui -Qim  (4.22) 

Qay  = Total  refrigeration  load  caJcuieied  using  Equation  (4. 17)  (Biu). 

3-  C;alculaie  the  Fan-Defrost  Contribuiion  (FDC)  using  the  following  equation: 

(4.23) 

Qdd  = Defrost  heat  load  calculated  using  Equation  (4.18)  (Biu). 


CHAPTERS 

QUALmCATIONS  TESTS 

In  order  for  die  designed  sysiem  lo  perfomi  die  cask  of  opendog  end  coUectiog 
reliable  data  for  one  compleie  tun  of  a specific  value  of  coil  enieriog  air  dty  bulb 
leraperanirc  (EAT)  in  die  range  of  0“F  to -20*F.  several  tests  were  performed  to  qualify 
die  sysiem  for  dial  purpose.  One  of  these  qualUicadon  tests  was  petformed  for  a coil 
entering  air  dry  bulb  temperaiuie  (EAT)  ofO'F,  while  limiung  the  tun  toa  single  FCU-T 
refhgeraiion/defrust  cycle  (one  R/D  cycle).  Tliis  qualification  lesl  (EAT  » O'F)  happens 
to  be  the  one  dial  hod  die  approval  from  the  ASHRAE  personnel  to  proceed  in  performing 
the  experimental  program  of  this  project 

The  purpose  of  this  chapter  is  to  provide  a dme-depeodeni  history  of  die  variadoos 
of  some  key  variables  for  the  above  mentioned  qualification  test  of  coil  entering  air  dry 
bidb  temperature  (EAT)  of  0*F.  nierefrigeration/defrustsystcmisoperaiedinihUrun 
such  that  a angle  FCU-T  refrigeradon/detrost  cycle  is  peifotroed.  The  frequencies  and 
durations  of  diediffereniciodesindiisninareshowninTableS.I.  The  system  is  started 
by  operating  the  FCU-A  in  iisinidalrefhgeradon  mode  undJ  the  testing  condilionsoflhe 
freeacr  are  reached,  at  which  point  the  FCU-T  refrigeradon  mode  is  activaied  while 
keeping  iheFtrU-Temeringair dry bulbieraperature(EAT)consianiatO*F.  TheFCU-A 
electric  defrosting  mode  at  alsoacUvaiedrighiafier  the  icrminaiionof  tlieFCU-Ainitial 
relri|eration  mode  in  order  to  remove,  collect  and  weigh  the  FCU-A  melt  This  laner 
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quamiiy  ispiesenu  Uie  moisture  temoved  from  Uie  freezer  during  ibe  iniiul  room 
condiiioning  period  and  which  is  deposiied  as  frosi  on  the  FCU-A  coil 

In  this  tun.  the  demand  defrost  sysiem  was  setioafrosi  thickness  (Sr)  of  O.IIT'. 
where  the  PCU-T  refrigeration  mode  was  terminated  when  the  frost  accumulated  on  its 
coil  reached  that  thickness.  At  that  instance,  the  FCU-T  hot-gas  defrosting  mode  is 
activated  in  order  to  remove,  collect  and  weigh  the  FCU-T  melt. 

Due  to  the  FCU-T  hot-gas  defrost  heat  input,  some  of  the  FCU-T  frost  will  escape 
as  moisnuE  in  the  freezer  space.  TbeFCU-Annaitefngeiationmodeisacdvaiedaiihe 
same  instant  the  FCU-T  hot-gasdefrostingmode  isaedvatedinorder  foriheFCU-A  to 
capture  that  moisture.  The  FCU-A  will  condnue  to  operate  in  its  final  refrigetadon  mode 
in  order  to  bring  the  freezer  back  to  its  initial  lesdog  condidons.  at  which  point  the  FCU-A 
final  electric  defrosting  mode  is  acdvaied  in  order  to  remove,  collect  and  weigh  the  FCU- 
A melt.  The  FCU-A  melt  collected  this  time  represents  the  moisture-escape  from  the 
FCU-T  due  to  Ihe  latter's  hot-gas  defrost  heat  input.  71k  amount  of  melt  of  both  FCU-A 
and  FCU-T  is  shown  in  Table  5.2. 

71k  behavior  of  souk  of  the  measured  variables  (refrigerant  temperatures  and 
pressures  and  air  temperatures)  versus  dme  for  this  run.  have  been  planed  for  different 
operaung  modes.  The  FCU-A  inlet  and  outlet  refrigerant  temperatures  versus  dme  In  the 
inidal  and  frnal  FCU-A  refrigeradon  modes  are  shown  in  Figures  5. 1 artd  5.2.  respectively, 
in  Figure  5.1.  the  tefrigerani  lemperalures  are  shown  to  drop  sharply  fmn  an  inidal 
refrigetam  temperature  of  aboui  80*F  to  below  than  10*F  in  about  2500  seconds,  while 


135 


Table  5J~  Ma&s  of  Melt  Collected  From  Both  Fan- 
CoU  Units  for  Uuj  Run  of  (EAT  = OT) 


Mode 

FCU-A 

Melt 

FCL-T 

Melt 

tlhin) 

PQI-A  Initial  Electric  Oefrostina 

14  88 

FCU-T  Hot-Gas  Oefrocrinr 

3.92 

PCU-A  Rnal  Electric  Defiosuna 

4,37 

S 3 
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A sudden  drop  in  die  FCU-A  inlet  and  outlet  lufrigerani  lempemures  at  the  instant 
of  starting  die  FCU-A  final  refrigeradon  mode  can  be  seen  in  Figure  5.2.  where  the  FCU- 
A refrigerant  lemperature  was  at  a high  value  due  to  the  FCU-A  elecuic  defrosting  mode. 
After  the  sudden  drop  of  die  FCU-A  inlet  and  oudei  refrigerant  lenipeiaiuies.  it  is 
eapected  to  see  (Figure  5.2)  die  two  teraperaiuies  rise  fora  shOTi period  of  drne  and  then 
drop  gradually.  Tliis  eapected  FCU-A  refrigerant  lemperaiure  rise  is  due  to  the  fact  that 
the  PCU-T  operation  (in  parallel  with  the  FCU-A  final  refrigeration  inode)  is  under  the 
hot-gas  defrosting  mode,  which  aifects  iheFCU-Acefrigecantteniperaiures.  However, 
the  two  temperatures,  as  can  be  seen  in  Figure  5.2.  continue  to  me  for  a long  period  of 
time  and  the  oudei  refrigerant  icmperanire isseenlo be higherdian  the inlcl refrigerant 
temperature.  This  unexpected  behavior  is  due  to  the  fact  that  the  FCU-Adampeis 
jammed  for  a lew  minutes  and  could  not  open,  which  in  luni  prevented  (he  start  of  the 
FCU-A  blower.  This  problem  was  solved  at  about  375(X)secoDds.  where  the  FCU-A 
refrigerant  lemperanues  are  observed  to  drop  gradually. 

The  air  dry  bulb  temperatures  across  the  fieeier  walls  during  the  FCU-A  initial  and 
final  refrigeration  modc.s  can  be  seen  in  Figures  5.3  and  5.4.  respeedvely.  As  shown  In 
Figure  S.4.  the  air  lemperaiuies  inside  the  frceecr  rose  until  the  lime  approached  the 
36800  second  ntaA.  at  which  point  the  inside  air  lemperanues  started  to  drop.  This  rise  in 
(he  air  temperatures  is  due  to  the  FCU-T  defrost  heat  input  during  the  hot-gas  defrosting 

For  die  FCU-T  lefiTgeraiion  mode,  the  FCU-T  inlet  and  outlet  refrigerant 
lempeiaiures.  the  air  dry  bulb  temperatures  across  the  freezer  walls,  the  air  dry  bulb 
lemperaiuies  across  FCU-T  and  the  temperature  difference  (TD)  across  FCU-T  are  all 
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shown  versus  lime  in  Figures  S.S,  S.6.  j.7  and  S.S.respeciiveiy.  Here  ID  is  ihe  difference 
berween  (be  FCU-T  coil  emering  airdry  bulb  lempemrure  (£AT)  and  Ihe  coil  refrigerani 
lemperuure  (CRT)  ieaving  Die  coil  (Smidi  i989). 

Temperatures  of  the  rcfrigcrani  eniering  and  leaving  (he  FCU-T  pan,  and  also  of 
(he  refrigerant  eniering  and  ieaving  (he  FCU-T  coii  versus  liroe,  are  shown  in  Figure  S.9 
for  the  FCU-T  hot-gas  defrosting  mode.  In  (hl.s  ngurc,  the  hoi-gas  discharged  fretn  the 
compressor  enters  (he  FCU-T  pan  at  a high  (emperarure(TC4)in  (herangeof  ID0(o 
I20*F.  where  i(  (hen  decreases  in  its  value  as  it  leaves  the  FCU-T  pan  CTC5).  since  some 
of  the  refhgerani  heat  is  lost  to  melt  the  frost  accumulated  in  the  FCU-T  pan.  The  hot-gas 
leaving  the  latter  then  enters  the  FCU-Tcoilata  lower  value  (TC3)  due  lo  the  loss  of  beat 
when  (be  hot-gas  mixes  with  (be  liquid  refrigerani  at  and  inside  the  FCU-T  coil.  The 
defrost  refrigerant  leaves  the  FCU-T  coil  at  a tower  value  (TC6)  due  to  the  muting  with 
(he  liquid  refrigerant  inside  Ihe  FCU-T  and  also  due  lo  (be  refrigeiani  heal  lostio  melt  the 
frost  accumulated  on  die  FCU-T  coil. 

Some  of  the  refrigerani  pressures  versus  lime  are  shown  in  Figure  S.  10  for  the 
enure  time  period  of  the  run.  It  is  inieresUng  lo  observe  Ihejumpiniherefrigetaoi 
pressures  around  die  dme  of  35560  seconds.  This  is  die  lime  when  the  FCU-T  hoi-gas 
defrosting  mode  was  inoterDtion.wherethehighjumpinthehoi-gasprossureupsaeam 
of  die  hoi-gasorifice  meier(P4inRgure  5.!0)ideoiifieslhaimode.  Another  jump  in  die 
refrigerani  pressures  isobservedaroundihediDeofl45E5seconds  whichisailnbuledio 


viiching  from  FCU-A  lo  FCU-T  reftigetaiion  modes. 
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As  pan  of  the  visualizaiioa  study  In  this  projecu  a picuiie  of  Uic  FCLf-T  coiJ  righi 
after  the  letmiDadon  of  the  hot-gas  defrosting  mode  is  shown  in  Figure  S.ll.  whiles 
closer  view  of  the  same  coil  is  shown  in  Figure  5. 12. 
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CHAFreS6 

REFRIGEiWnON®EFROrr  CYCLE  DYNAMICS 


The  purpose  of  iMs  chapter  is  to  provide  a lime-dependem  history  of  the  vaiistions 
of  some  key  variables  during  the  complete  rctiigecalion/defrost  (R/D)  cycle-  The 
dynamics  of  the  refrigeratioiVdefrost  cycle  has  been  examined  for  two  test  fan<oil  unit 
<PCU-T)  entering  air  dry  bulb  icmperauires  (EAT)  of -S  and -13*F.  In  order  10  simulate 
the  actual  performance  of  freezer  coils  during  the  R/D  cycle,  three  complete  consecutive 
cycles  (three  R/D  cycles)  are  considered  at  the  above  two  PCU-T  entering  air  dry  bulb 
lemperanuEs.  The  imem  is  to  provide  an  insight  into  bow  a refrigeration  system  behaves 
during  the  complete  teftigeraiion/defrost  cycle  using  the  hoi-gas  refrigerant  defrost 


The  tefiigeration/defrost  system  is  operated  in  this  run  such  that  three  FCU-T 
refrigeiaiion/defnisi  cycles  ate  performed.  The  fteqiKncies  and  dutadons  of  the  difretem 
modes  in  this  naiaieshowninTahle6.I.  The  system  is  started  by  operating  the  FCU-A 
in  its  initial  reftigeradon  mode  until  the  lesdngcondidons  of  the  trcczerara  reached,  ai 
which  point  the  FCU-T  tefrigeradon  mode  No.  1 is  activated  while  keeping  the  FCU-T 
euirning  air  dry  bulb  lempenmire  (EAT)  constani  at  -g'F.  The  FCU-A  eleciric  defrosddg 
mode  No.  1 isalsoacdvaicdrightafier  ihe  lemiinationof  the  FCTU-Ainidalrefrigeration 
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mode  in  order  lo  remove,  colleoi  and  weigh  the  FCU-A  melL  This  lauer  quandiy 
leprescms  the  moisture  removed  from  the  freezer  during  the  iniiiaJ  mom  conditioning 
period,  and  which  is  deposited  as  frost  on  the  FCU-A  coil. 

In  this  run,  the  demand  defrost  system  was  seiio  a frost  thickness  (Sr)  of 0.079", 
where  the  FCU-T  refrigeration  mode  No.  I was  terminated  when  the  frost  accumulated  on 
its  coil  reached  that  thickness.  Ai  that  instance,  the  FCU-T  hot-gas  defrosting  mode  Na  1 
is  activated  In  order  lo  remove,  collect  and  weigh  Die  FCU-T  melu  The  mass  of  lUs  FCU- 
T melt  (mg,,)  is  used  in  cnkmlaiing  the  lota)  heat  inquired  to  melt  the  FCU-T  frost 
during  the  FCU-T  hot-gas  defrosting  mode  No.  1 as  described  in  Chepicr  4. 

Due  to  the  FCU-T  hot-gas  deftost  heat  input,  some  of  ibe  PCU-T  frost  will  escape 
as  moisture  in  the  freezer  space.  The  FCU-A  refrigeration  mode  No.  I is  activated  at  tbe 
same  insumt  the  FCU-T  hot-gas  defrosting  mode  No. ! is  activaled  in  order  for  the  FCU- 
A lo  capture  tbai  moisture.  The  FCU-A  will  conUmie  to  operate  in  iis  refrigeration  mode 
No.  I in  orderlo  bring  the  freezer  back  to  its  initial  testing  conditions,  at  which  point  tbe 
FCU-A  electric  de&osting  mode  No.  i is  activated  in  order  to  remove,  collect  and  weigh 
the  FCXI-A  melt.  Tbe  FCU-A  melt  coliecicd  this  time  represents  the  moisuire-escape 
from  the  FCU-T  during  the  FCU-Thoi-gas  defrosting  mode  No.  1 due  to  the  FCU-T  hot- 
gas  defrost  heal  inpuu 

As  can  be  .seen  in  Table6.l.lheFCU-TrcfrigerauonmodeNo.2isactivaiedat 
the  same  instant  the  FCU-A  electric  defrosting  mode  No.  1 is  activated  in  Older  for  the 
refrigeration/defrosi  .system  to  continue  activating  two  more  compleic 
refrigerauon/defrosi  cycles.  In  the  other  two  cycles,  the  demand  defrost  system  setting 


i kept  unchanged  at  a frost  thickness  (Sr)  of  0.079". 
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The  imouni  o(  melt  of  both  FCU-A  uid  FCU-T  for  all  the  ituee  cycles  Is  shown  in 
TaWe  6.2.  The  amount  of  both  FCU-A  and  FCU-T  melts  collected  in  the  second  and  third 
compleie  cycles  can  be  seen  to  conunuoiisly  decrease.  While  the  absolute  amount 
decreased  for  both  quanlidcs.thcrclalivenmountDf  the  FCU-A  melt  continued  to  befar 
more  significant  than  the  FCU-T  melt  collected. 

The  behavior  of  some  of  the  measured  variables  (refrigerant  temperatures  and 
pressures  and  air  lemperaiures)  versus  time  forihisrun,  have  been  plotted  for  different 
operating  modes.  TheFCU-Ainlciandouileirefrigeranitemperauiresversustiffiemibe 
initial  and  the  other  three  FCU-A  refrigeradon  modes  are  shown  in  Bgures  6. 1 through 
6.4.  In  Rgure  6.1,  the  refiigeiant  leniperaiiires  during  the  inida]  FCU-A  refrigeration 
mode  are  shown  to  drop  sharply  from  an  initial  refrigeramiemperature  of  about  65*F  to 
I0*F  in  about  1500  seconds,  while  then  the  .same  lemperaiures  condoued  to  drop  at  a 
much  slower  pace. 

A sudden  drop  in  the  FCU-A  inlcl  and  outlet  refrigerant  temperatures  at  the  instant 
of  starting  the  three  FCU-A  lefhgeradon  modes  can  be  seen  in  Figures  6.2  through  6.4, 
where  the  FCU-A  refrigerant  temperature  was  at  a high  value  due  to  the  FCU-A  electric 
de&osiing  modes.  After  the  sudden  drop  of  the  FCU-A  inlet  and  oudci  relii|erani 
temperatures,  the  two  icmpcraturcs  are  shown  to  rise  for  a short  period  of  time  Shd  then 
drop  gradually  in  all  of  the  three  figure.  This  behavior  is  due  to  the  fact  dial  the  FCU-T 
operation  (in  parailet  with  PCU-A  refrigeration  modes)  is  under  the  hot-gas  defrosting 
mode  which  affecis  the  FCU-A  refrigerant  icrapeiatures. 

The  air  dry  bulb  lemperamres  across  the  freezer  wallsduring  the  inilial  and  die 
oiher  ihree  FCU-A  refrigeraiion  modes  can  be  seen  in  Figures  6.5  through  6.8, 
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Table  &2.  Mass  of  Melt  Collecied  From  Boih  Fan- 
CoU  Units  few  the  Run  of  (EAT  = -g“F> 


Mode 

FCU-A 

Melt 

FCU-T* 

Melt 

(Iba) 

PCU-A  Initial  FJ«rrric  Defroslinv 

3.14 

PCU-T  Hol'Cas  Defrosliov  No  1 

0.20 

PCU-A  EkCDic  Drfrastiiie  No.  1 

}.38 

FCU-T  Hot-Gas  Defrostinv  No  J 

0.13 

PCU-A  F.leciricDefrcKlinf  No  7 

3.00 

FCU-T  Hot-Gas  l>/foiuna  Nn.  t 

0.07 

PCU-A  Electric  Defitwinv  No  1 

2.42 

- 

■ Tlic  mass  ofFCTJ-Tineltis  used  tor  the  value  of(ni|^) 
in  Equation  (4. 14|. 
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respecijvely.  In  alUhe  FCU-A  terri|eraUon  modes  oilier  ihan  ihe  inidil  mode,  as  shown 
in  Figures  6.6  through  6.8,  ihe  air  lempetaiures  inside  the  freezer  rise  fora  short  period  of 
lime  and  Uien  drop.  This  nse  in  the  sir  icmperaiures  is  due  to  ihe  FCU-T  defrost  heal 
input  during  the  hoi-gas  defrosting  modes. 

For  all  the  FCU-T  refrigeration  modes,  the  FCU-T  inlet  and  outlet  reftigerani 
temperatures  versus  time  are  shown  in  Hgtires  6.9  through  6.11.  The  air  drybulh 
temperatures  ocross  ihe  freezer  walls  versus  lime  are  shown  in  Rgures  6.12  through  6.14. 
while  the  air  dry  bulb  lemperatufes  across  FCU-T  versus  time  are  ^own  in  Figures  6.IS 
ihrougb  6. 17.  The  TD  across  FCU-T  veisiis  time  is  shown  in  Figures  6. 18  through  6.20. 

Temperatures  of  the  tefrigeiani  entering  and  leaving  the  FCU-T  pan,  and  also  of 
the  re^getani  entering  and  kaviog  the  FCU-T coil  versus  time,  are  shown  in  Figures  6.21 
through  6.23  for  the  three  FCU-T  hot-gas  defrosting  modes.  In  these  figures,  the  hot-gas 
discharged  from  the  eompressor  enters  the  FCU-Tpaoatahigh  iemperatuie(TC4)of 
about  160*F,  where  it  then  decreases  in  its  value  as  itkaves  the  FCU-T  pon  (TCSI.since 
some  of  the  refrigerant  heat  is  lost  to  melt  Ihe  frost  accumulated  in  Ibe  FCU-T  pan.  Tbe 
hot-gas  leaving  the  letter  then  enters  Die  FCU-T  coil  ala  lowervalue  (TC3)  due  to  the 
loss  of  heal  when  Ihe  hot-gas  mixes  with  the  liquid  refrigeianl  at  and  inside  the  FCU-T 
coiL  The  defrost  mfiigerani  leaves  the  FCU-T  coil  at  a lower  value  (TC6)  due  to  the 
mixing  with  Ihe  bquid  refrigeraol  inside  ihe  FCU-T  and  also  due  to  the  refrigerant  heal 
lost  to  meli  Ibe  frost  accumulated  on  the  FCU-T  coil. 

Some  of  the  refrigerant  pressures  versus  lime  are  ^own  in  Figure  6.24  for  the 
entire  time  period  of  ibis  run.  It  is  inieresiing  to  observe  the  jumps  in  the  refrigeram 
pressures  around  the  liffic.s  of  10385.  17325  and  23510  seconds.  These  are  the  limes 


165 


166 


167 


U ew)i 


I 


170 


171 


172 


173 


174 


175 


176 


Id  »«c)  1-noi  Mtwv  01 


177 


178 


I 


lEO 


I I I ! § I 


182 


183 


when  ihe  FCU-T  hoi-gas  defrosiing  modes  were  in  opcraiion.  where  die  high  jumps  in  die 
hot-gas  pressure  upstream  of  die  hot-gasofificemeier(P4  in  Rgure6.24)ldeniify  these 
modes.  Figure  6.24  also  show.s  the  pressure  of  the  liquid  refrigerant  downstream  of  die 
liquid  pump.  While  die  liquid  pressure  downstream  of  die  pump  (PS  in  Figure  6.24)  was 
continuously  monitored  duiing  all  runs,  iu  value  did  noi  affect  any  calculations  performed 
in  Ibis  investigadon.  Recording  ihis  pressure  was  performed  for  the  sole  purpose  of 
monitoring  the  operation  of  die  system.  The  drops  in  the  liquid  refrigeram  pressure 
downstream  of  theliqiudpumpobscrvedinFigure6.24aroundlhetimesor670S.U74S 
and  2100S  seconds  are  attributed  to  switching  from  FCU-A  to  FCU-T  refrigeradon 


The  reftigeratton/defrost  system  is  operated  in  ihis  run  in  the  same  manner  as  the 
pievious  run,  where  three  FCU-T  rcfrigeradon/defrosi  cycles  are  performed.  In  this  run. 
die  FCU-T  entering  air  dry  bulbiempererure  (EAT)iskEpiconsianiat-13*F,  whiJeUie 
demand  defrost  system  was  set  to  a frost  thickness  (Sr)  of  0.079"  duiing  all  the  FCU-T 
refngeraiion  modes.  ThefrequenciesandduraUansordiedlfferenimodcsin  Ihisrunare 
shown  in  Table  6.3. 

The  iimouai  of  mell  of  boUi  FITU-A  and  FCU-T  for  all  the  three  cycles  is  shown  in 
Table  6.4  The  amount  of  both  FCU-A  and  FCU-T  melds  collecied  in  die  second  and  third 
complete  refrigeration/defrost  cycles  can  be  seen  to  continuously  While  the 

absolute  amount  decreased  for  both  quantities,  the  reladve  amount  of  the  FCU-A  melt 
continued  to  be  far  more  signiricam  than  the  FCU-T  melt  collected. 
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mie6.4.  MassofMellCollecieil  From  Boll)  Pan- 
Coil  Units  for  the  Run  of  (EAT  = -13“F) 


Mode 

FCU-A 

Melt 

FCU-T* 

Melt 

llbm) 

Obot) 

FCU-A  [nibaJ  EIrcino  Defrooinv 

9.34 

FCU-T  Hol-Cas  Defiosuni  No.  1 

0.21 

PCU-A  Electric  Defntsunv  No. ) 

6.30 

FCU-T  Hot-Gas  Defrosrine  No  7 

0.02 

FCU-A  Electric  Defrosuoz  No.  2 

5.20 

FCU-T  Hot-Gas  Deftosiine  No.  1 

001 

PCU-A  Electric  Defmstinz  No.  3 

4.99 

• 13)0  raassofFCU-Tmeklsiiseilforlhe  value  offra^a) 
in  Equation  <4. 14). 
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The  bebivior  of  some  of  Uie  measured  variables  (rethgcram  lemperaiures  and 
pctsstues  and  air  lemperauues)  versus  lime  for  Uiis  run,  have  been  illustraied  for  difleteoi 
operadng  inodes.  The  FCU-A  inlel  and  outlet  lefrlgeranllempeienires  versus  lime  in  Die 
initial  and  the  oibet  Uuee  FCll-A  refrigeration  inodes  are  sbown  in  Figures  6.25  tbrough 
6.28.  In  Rgme  6.25,  the  refrigerani  lemperatufes  during  the  initial  FCU-A  re&igeralion 
mode  ore  shown  to  behaveintbcsamemanncrshowninFigure6.1fortheinidalFCU-A 
refrigeration  mode  of  the  previous  run,  t^ere  the  refrigerant  temperatures  drop  sharply 
for  a short  period  of  time  and  iben  drop  gradually  later  oo.  In  ibe  same  flgure  (Figure 
6.25).  the  refrigerant  lemperatuies  are  seen  to  (lucniaie  abnormally  between  7500  and 
1 1500  seconds,  where  tbe  system  has  tripped  three  dmes  in  that  period  of  time  and  was 
allowed  to  resume  its  operation  a few  seconds  after  each  trip. 

A sudden  drop  in  the  FCU-A  inlet  and  outlet  refrigerant  tcmpeiatuies  at  the  instant 
of  staning  the  three  HCU-A  relrigeraUon  modes  can  be  seen  in  Frgures  6.26  through  6.2g, 
where  the  FCU-A  refrigerant  Icmperaiute  was  at  a high  value  due  to  the  PCU-A  electric 
defrosting  inodes.  After  the  sudden  drop  of  the  FCU-A  inlet  and  outlet  refrigerant 
lemperaiures.  the  two  leraperaoitesaieshown  lorise  forashonperiod  ofiimeandihen 
drop  gradually  in  aU  three  figures.  This  behavior  is  due  to  the  fact  that  the  FCU-T 
operation  (in  parallel  with  FCU-A  refrigeration  modes)  is  under  the  hot-gas  de^sUng 
mode  which  aficcis  Ihe  PCU-A  refrigerant  tempeiaiures. 

The  air  dry  bulb  lemperatun»  across  Ibe  freezer  wails  during  Ibe  initial  and  the 
other  three  FCU-A  re&igeraiion  modes  can  be  seen  hi  Figures  6.29  through  6.32. 
respeebvely.  Tbe  effect  of  ihe  sysiero's  three  trips  on  ihe  air  leroperaiuies  across  ihe 
freezer  walls  during  tbe  initial  FCU-A  refrigeraUon  mode  can  be  seen 


1 in  Figure  6.29.  In 
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on  modes  other  Uiui  the  initial  mode,  as  shown  in  Figures  6.30 
through  6.32.  the  air  lemperaiures  inside  the  frceter  rose  for  a short  period  of  time  and 
then  dropped.  This  rise  in  air  temperaiiues  is  due  to  the  FCU-T  defrost  heal  input  during 
the  hot-gas  dcfrcsung  modes. 

For  all  the  FCU-T  refrigeration  modes,  the  FCU-T  inlet  and  ouUet  refrigerant 
temperatures  vereus  time  arc  shown  in  Figures  6.33  through  6.3S.  The  air  dry  bulb 
temperatures  acioss  the  freezer  walls  versus  time  are  shown  in  figures  6.36  through  6.36, 
while  the  air  dry  bulb  tempeiaturesacross  FCU-T  vetsus lime  are  shown  in  Figures  6.39 
through  6.41.  The  ID  across  FCU-T  versus  lime  is  shown  in  Hguies  6.42  through  6.44. 

The  temperatures  of  the  refrigerant  entering  and  leaving  the  FCU-T  pan,  and  also 
of  the  refrigerani  emeting  and  leaving  the  FCU-T  coil  versus  lime,  are  shown  in  Figures 
6.45  through  6.47  for  the  three  FCU-T  hot-gas  defrosting  modes.  In  these  three  figures, 
the  hot-gas  discharged  from  ihecompressoreniers  die  FCU-T  panatahightemperanire 
(TC4)  of  about  140*F,  where  it  then  decreases  in  its  value  as  it  leaves  the  FCU-T  pan 
(TC3).  since  some  of  the  refrigerant  heat  is  lost  lo  melt  the  frost  accumulated  in  the  FCU- 
T pan.  The  hot-gas  leaving  the  FCU-T  pan  then  enters  the  FCU-T  coil  at  a lower  value 
(TC3)  due  10  the  loss  of  beat  when  the  hot-gas  miaes  with  the  liquid  refrigerant  at  and 
reside  the  FCU-T  coil.  The  defrost  refrigerantleavesiheFCU-Tcoilaialowervalue 
fTC6)  due  to  the  mixing  with  the  liquid  refrigerant  inside  the  FCU-T  and  also  due  to  the 
refrigerant  heat  lost  to  melt  the  frost  accumulated  on  the  FCU-T  coil. 

Some  of  the  refrigerant  pressures  versus  time  are  shown  in  Rgure  6.4S  for  the 
endie  time  period  of  ibis  run.  Again,  one  can  observe  the  jumps  in  the  refrigerant 
pressures  around  the  times  of  34475.  51870  and  61585  seconds.  These  are  Ihe  times 
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wheiube  FCU-T  hoi-gas  deCrosUng  modes  we»  in  openuon,  where  Ihe  high  jumps  in  ihe 
hoi-gas  pressure  upsueani  of  ihe  hoi-giisarificemeier(P4inFigure6.48)ideaiiry  ihese 
modes.  Rgure  6.48  also  show.s  the  pressure  of  the  liquid  rcfrigerani  downsiream  of  Ihe 
liquid  pump  (PS),  where  Ihe  drops  in  iis  value  around  (he  UmcsoflSdSS,  40770  and 
37410  seconds  are  nnribuied  lo  switching  from  FCU-A  lo  FCU-T  retrigeralion  modes. 


CHAPTER  7 
ANALYSIS  OF  LOADS 


This  chapter  provides  load  analysis  for  cases  having  FCU-T  entering  air  dry  bulb 
temperatures  (EAT)  of  -8  and  -I3’F.  These  ate  the  same  two  cases  discussed  in  the 
previous  chapter.  AU  the  methodologies  used  to  petfomi  load  caleuladons  were  described 
in  Chapter  4.  The  load  analysis  covers  the  total  lefrigeraiion  load  rate,  average  load 
sensible  beat  ratio,  defrost  heat  inpuL  defrost  e^xiency,  and  other  tekvani  paiameiets 
that  lead  to  the  detetmination  of  the  heat  loads  due  to  coil  hot-gas  defrosting.  The  intent 
is  to  piovide  some  insight  into  the  energy  penalty  associated  with  defrosting  linned-tube 
heeaer  coils  using  the  hot-gas  refrigerant  method. 


Using  the  procedures  described  in  Appendix  H,  the  average  host  temperanire 
(^(.■<|)  ^br  this  case  was  calculated  lobe  (-18.S6*F).  The  variation  of  the  total  sensible 
iransmisaon  heaigain  and  iiscotnponems  with  lime  during  the  ihiee  FCU-T  te&igeration 
modes  is  shown  in  figures  7,1  through  7,3.  As  can  be  seen,  the  highest  sensible 
transmission  heal  gain  component  is  through  die  three  walls  of  the  freezer  other  than  the 
from  wall.whilethesraallcstcomponeniisihroughiheftEezerwindows.  The  variation  of 
the  total  natural  sensibleheaigainandiiscontponems  with  lime  during  thethrecFCU-T 
refrigeration  modtt  b shown  in  Figures  7.4  through  7.6.  while  the  calculated  average 
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! shown  in  Table  7.1  along 


with  ihe  total  anUicial  latent  heat  gain,  the  total  refrigeration  load  rate  and  the  avenge 
load  sensible  heal  ratio  ILSHR). 

The  total  sensible  transmission  and  the  total  naiural  sensible  heat  gains  are  shown 
to  be  almost  constant  in  Table  7.1  for  Ihe  three  FCU-T  refrigeration  modes.  The  total 
artificial  latent  heat  gain  for  the  FCU-T  refrigerauon  mode  No.  2 is  shown  in  Table  7. 1 to 
be  about  twice  that  of  the  FCU-T  refrigeration  mode  No.  1.  and  the  same  as  Uial  of  the 
FCU-T  refrigeration  mode  No.  3.  This  is  caused  by  increaslni  ihe  steam  injection  rate 
inside  Ihe  freencr  in  the  FCU-T  reliigeraiion  mode  No.  2 to  values  larger  than  that  of  the 
FCU-T  refrigeration  mode  No.  l.aodkeeping  Uconsianlthroughouiiheduraiionof  the 
FCU-T  refrigeration  mode  No.  3.  This  is  done  to  eiperimeni  wiih  the  effect  of  varying 
the  total  anifidal  laient  heat  gain  on  the  imnl  refrigeration  load  rate  and  the  average  load 
sensible  heal  ratio  (LSHR). 

The  total  refrigeration  load  raieis^ownin  Table  7.1  to  increase  for  the  FCU-T 
refrigeration  mode  No.  2 to  values  laiger  Uian  those  for  the  FCU-T  refrigeration  mode 
No.  1.  while  the  LSHRisshowniodecrease  forthe  FCU-T  refrigeration  mode  No.  2lo 
values  below  those  for  Uie  FCU-T  refrigeration  mode  No.  I . These  two  quaniiiies  are 
shown  in  Table  7.1  to  he  almost  the  same  for  the  second  and  ihird  FCU-T  refrigenuion 
modes.  Having  the  average  load  sensible  heal  ratios  (LSHR)  conslam  for  the  second  and 
Ihird  FCU-T  refrigeration  modes  demonsiraies  Ihc  capability  of  the  refrigetaiion/defrosi 
system  to  perform  at  a conslam  LSHR. 

For  the  three  FCU-T  hot-gas  defrosting  modes,  the  defrost  heal  input,  the  heat 
required  to  melt  FCU-T  frost,  the  defrost  heal  load  rate,  ami  the  defrost  efficiency  are 
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cakulsied  and  are  ^own  in  Table  7.2.  The  low  values  calculated  for  the  defnisi 
efficiencies  indicaie  dial  mosl  of  the  defrost  heat  input  during  the  FCU-T  hoi-gas 
defrosting  inodes  has  appaiently  affected  badly  the  refrigeration  load  in  a form  of  an  extra 
defrost  heal  load.  The  Average  CoU  Performance  Load  Rate  (ACPLRI  and  the  Fan- 
Defrost  Contribution  (FDC)  for  the  three  FCU-T  reftigeiation/deftost  cycles  are 
calculated  and  arc  shown  in  Table  7.3.  Fan-Defrost Comribulionsof20.92. 21.26 and 
20J7%,  respectively,  for  the  three  cycles  arc  acceptable  values  considering  that  in  many 
refrigeration  systems  the  Iheoteiical  contribution  of  the  fan  and  defrost  heal  loads  exceeds 
13%  of  the  net  refrigeration  load  (ASHRAE  1994). 


Again,  using  the  procediues  described  in  Appendix  H.  the  average  frosi 
tempeniuire  (Tf,„,)  for  thU  case  was  calculaled  to  be  f-20.32*F).  The  variation  of  the 
total  sensible  transmission  heat  gain  and  its  components  with  lime  during  the  three  PCU-T 
lehigemiion  modes  is  shown  in  Figures  7.7  through  7.9.  As  can  be  seen,  the  highest 
sensible  transmission  heat  gain  component  is  through  the  three  walls  of  the  freezer  other 
than  the  from  wall,  while  ihe  smallesi  component  is  through  the  freezer  windows.  The 
varianon  of  the  lola!  natural  sensible  heat  gain  and  iis  componenis  with  lime  during  ihe 
three  FCU-T  refrigeration  modes  is  shown  in  Figures  7.10  thmugh  7.12,  while  Uie 
calculaled  average  values  of  the  loads  over  their  FCU-T  refrigeration  modes  are  shown  in 
Table  7.4  along  wiih  ihe  loial  artificial  latent  heat  gain,  the  loial  refrigetaiion  load  rale  and 
Uie  average  load  .sensible  heat  ratio  (LSHR).  AscanbcseeninFiguies7.10ihrou|h7.12 
and  in  Table  7.4.  the  total  sensible  IniemnI  heat  gain  is  less  liian  dial  of  Ihe  previous  cun 
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two  of  (lie  four  fluntesccai  lamps  inside  Uic  freezer  were  not  turned 

Similar  to  the  previous  case,  die  toial  sensible  iiansmisslon  and  the  total  naiiinl 
sensible  heal  gains  are  shown  to  be  almost  constant  in  7.4  for  the  three  FCU-T 
refrigeration  inodes.  The  total  aniticial  latent  heat  gain  for  the  FCU-T  refrigeration  modes 
is  shown  in  Table  7.4  to  increase  in  value  in  every  refrigeraliontdefrosi  cycle.  The  lowest 
arttficial  latent  heat  gain  isshown  to  be  at  the  FCU-T  lebigeration  mode  No.  1,  while  tbe 
highest  is  atthe  FCU-Trefrigerauon  mode  No.  3-  This  is  caused  by  increasing  the  steam 
injection  rate  inside  the  freezer  for  each  FCU-T  refrigeration  mode.  Thisisdoneto 
eteperiment  with  the  effect  of  varying  the  total  anUicial  latent  beat  gain  on  the  total 
refrigeration  load  rate  and  the  average  load  sensible  heat  ratio  (LSHR).  The  total 
refrigeration  load  rate  and  the  average  load  sensible  heal  ratio  (LSHR)  ace  shown,  in  Table 
7.4.  to  increase  and  decrease,  respectively,  with  the  increase  of  the  total  ani^dal  latent 
heal  gain  for  the  FCU-T  re&igenuion  modes. 

For  the  three  FCU-T  hot-gas  defrosting  modes,  the  defrost  heat  input,  the  heal 
required  to  melt  FCU-T  frost,  the  defrost  heat  load  rate,  and  the  defrost  efficiency  are 
calculated  and  are  shown  in  Tabic  7-5.  The  low  values  calculated  for  the  defrost 
efficiencies  indicate  that  most  of  the  defrost  heal  input  during  the  FCU-T  hot-gas 
defrosting  modes  has  affecicd  badly  the  refrigeration  load  in  a form  of  an  extra  defrost 
heal  load.  The  Average  Coil  Perfomtanee  Load  Rate  (ACPLR)  and  the  Fan-Defrost 
Contribution  (FDC)  for  the  three  FCU-T  refrigeration/defrost  cycles  are  calculated  and  are 
shown  inTable7.6.  Fan-DefrosiConuibuiions  of  21.90,  2L23  and  23-50*.  respectively, 
for  the  three  cycles  are  acceptable  value.s  considering  that  in  many  refrigeration  systems 
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ihe  iheoretical  coiuribution  of  the  feo  end  defrost  hesl  loads  exceeds  15% of Ihenct 
lefrigeraiion  load  (ASHRAE  1994). 


CHAPTERS 

A PARAMETRIC  STUDY  OF  HOT-GAS  DEFROSTING 
OF  A CYUNDRICAl.  COIL  COOLER 

'Hie  experiicecidJ  work  conducted  iji  ihu  research  has  documenled  (he  ener|y 
penalry  associated  wilh  using  hoi-gas  defrosiing  in  indust^  fieezeis.  This  penalty  is 
realized  by  (he  large  anioum  of  the  defrost  heat  input  being  transfcRed  to  the  refrigerated 
space  due  to  the  evopomiion  of  melt  and  sublimation  of  frosi  (laieni  heat)  as  compared 
with  the  smaller  amount  that  Is  utilized  lo  melt  the  frost.  Pan  of  (his  penalty  is  also 
artnbuted  lo  the  residaal  heat  that  goes  into  the  refrigemnl  during  the  defrosting  process. 
This  heat  has  to  be  esiraeted  from  the  system  during  the  refrigeration  portion  of  the  R/D 

The  purpose  of  this  chapter  is  to  describe  a maibenuuical  model  for  prediciing  the 
evapotadon  and  sublimation  rates  on  a frosted  cylindrical  cooler  during  hot-gas  defrosting. 
The  ftosied  cylindrical  cooler  is  lo  model  a single  nonfinned  tube  in  the  first  row  of  (be 
coil  employed  in  the  espenmental  investigation.  This  model  is  to  provide  some  insight 
into  the  hot-gas  defrosting  processes  peiforroed  in  this  project  and  which  are  typically 
found  in  the  operation  of  true-lo-life  industrial  freezers. 


8.1.  Inlniduciinn 

The  hot-gas  defrosting  processes  utilized  in  industrial  freezersrepreseniatype  of 
transient  heat  transfer  problems  described  in  the  liieraiiue  as  phase  change  or  moving 
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boundary  ptobliims  and sumeiiinesasSieraii problems (Ozisik  1994).  In Uiis process,  die 
homogenous  ice  goes  ihrougluhree  diTfercm  forms  of  phase  iransfotmaljans.  AsoUd-(0- 
liqiiid  phase  change  occurs  when  Uic  frost  is  iransformed  Imo  mcU.  al  the  same  lime  a 
soUd-lo-gas  phase  change  occurs  when  ihe  frosi  is  sublimaied  into  water  vapor,  and  finally 
a Uquid-io-gas  phase  change  occurs  when  die  nieU  itself  is  evaporaied  imo  water  vapor. 
Some  of  these  processes  may  mice  place  siioulianeously.  In  diis  model  all  three  processes 
in  (luesdon  are  assumed  to  lake  place  at  the  same  time, 

MaUiemadcal  modeling  of  phase  change  problems  is  a dilTicult  and  challenging 
task  as  die  iiiemuue  indicaies.  This  difficulty  is  aiiribuied  lo  the  facuhai  these  problems 
are  nonlinear  where  the  location  of  the  phase  change  interface  Is  not  known  a priori,  and 
therefore  becomes  apanof  the  solution  to  the  problem  fOzisik  1993: 1994).  Due  to  dlls 
diHiculty,  there  are  very  fewexaciaoalyticalsaluiionsavailable.whilethe  majority  oflhe 
solutions  in  die  literature  are  of  the  approximate,  numencal  and  experinienlal  types 
(Aiexiades  and  Solomon  I993;OzUik  1994).  Several  comprehensive  reviews  of  available 
soludons  to  phase  change  problems  can  be  found  in  Boley  (1963),  Bankoff  (1964). 
Muehibauer  and  Sunderland  (1965),  and  Mori  and  Ataki  (1976), 

The  phase  change  problem  to  be  modeled  in  this  chapier  is  for  a hor-gas  defrosting 
process  of  a froated  cylbidticaJ  coil  cooler  having  die  frost  InitiaUy  at  a uniform 
subfreezing  lerapemmre  (T,).  Ahot-gudcfrosihcaiinputrate  (Q^„),  whiehistobe 
applied  from  die  inside  of  die  cooler,  is  iLssumcd  lo  be  increasing  with  time  such  Ihat  a 
constant  heat  nnx  (Q^„)  leprcsenUng  the  hot-gas  defrost  teat  input  is  applied  at  the 
phase  change  interface.  The  raodelisonlyvalidforashonperiodoftime  tepreseniing 
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Uie  Uuradon  of  ihc  defrosiing  process  is  die  cooler  etpenences  an  incfu^ng  defrost  heal 
input  rate  and.  in  turn,  the  cooler’s  wall  icmpcraiurc  would  have  to  be  an  increasing 
function  of  dme.  which  is  consistent  with  the  thennal  inmsienl  eiperienced  by  the  flow  in 
the  cooler.  The  frost  is  assutned  to  be  represented  by  a homogenous  send'lnfiniie 
metliuni,  where  the  heat  flux  would  cause  the  lempcraoire  of  the  frost  to  rise  as  the  heat 
penetrates  the  frost  region.  When  the  temperature  of  the  frost  layer  touching  the  well  of 
the  cooler  rises  to  the  water  triple  point  lemperauire  < ),  the  phase  change  processes 

will  be  initiated  and  the  phase  change  interface  will  begin  to  move  outward  ttiadve  to  the 
cooler  outer  surface.  The  frost  will  start  to  melt  and  sublimate  at  the  water  triple  point 
temperature.  The  bulk  of  the  melt  itself  is  assumed  to  be  removed  from  the  cooler  by  a 
special  mechanism  while  a ihin  film  of  it  will  be  evaporadng  at  the  water  triple  point 

Lunardiid  (19gl)  repotted  that  there  are  no  exact  general  soludons  for  phase 
change  problems  in  cylindrical  coordmates.  Meanwhile,  an  approximate  analytical  method 
called  "the  heat-balance  integral  technique"  has  been  employed  to  solve  the  model 
presemed  in  ibis  chapter.  This  technique  dates  back  to  von  Karman  and  Pohlliausen  when 
analyiing  the  boimdnry  layer  problem  in  fluid  mechnnics  iSchlichdng  1979).  The 
technique  was  then  introduced  by  Coodman(l958;  I960)  in  hisatiempis  to  solving  Ibe 
melting  problem  of  a slab. 

The  heat-balance  integral  technique  has  been  employed  by  several  invesdgaiors  in 
their  studies  to  solve  phase  change  probiems  in  cylindrical  coordinates.  The  list  includes 
Laidnerand  Pohle  (1961),  Lunardini  (1980),  and  Lonatdiniand  Varotta  (1981). 
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8.2.  Model  Dgyelonmeni 

The  hoi'ies  deCrosiing  process  modeled  in  this  sechon  is  divided  inio  (wo  suges. 
The  pre-meliing  siege,  in  which  Ihc  lemperanue  o(  the  frost  layer  louching  (he  well  of  (he 
cooler  rises  10  the  waier  Diple  point  lemperanite  (T^).  and  (he  melting  siage  itself,  where 
Ihc  melting  process  and  the  oiher  assumed  phase  change  processes  (evaporaiion  and 
subliraaiion)  will  occur.  Tlie  pre-meliing  siageisa  very  fasistage(intheorder  of  10'^ 
seconds)  where  ll  is  assumed  ihai  the  de&osi  heat  input  rale  inside  Uie  cooler  is  constant, 
as  compared  with  die  increasing  defrost  heat  input  rale  assumed  in  the  melting  siage.  The 
above  assumpdons  will  lead  to  the  fact  that,  in  Ihis  model  the  defrost  heat  input  flux 
(Qu;gi)  is  always  consiani  at  (he  inner  boundary  of  the  frost  layer.  It  is  also  assumed  in 
(his  model  lhai  (he  ibemial  properties  of  the  frost  are  constant  in  ^ite  of  the  faa  (hat  Uieir 
valuc-s  have  been  calculated  using  established  empirical  fomiiiJas. 

8.2.1.  Pre-Melting  Stape 

Consider  a frosied  cylindrical  coil  coaler  of  an  oulside  radius  (R,,).  where  ihe 
frost  is  represented  by  a homogenous  senii-inflnite  medium  bounded  from  the  inside  by  the 
cooler's  outersurface.  A schematic  drawing  describing  this  process  can  be  seen  in  Rgure 

8.1.  The  frosi  is  initially  at  a uniform  subfreezing  lemperaiurefTj  land  is  subjecied  to  a 

consiani  deftosi  heat  input  flux  at  the  boundary  r = R^aidme  1 = 0.  The 

governing  equation  with  Uie  initial  and  boundary  conditions  representing  the  case  are  as 
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r dr  t 3r  J a,  dl 


(8.1) 


T,(r.O)=T,  (8.2) 


w)ieiB  the  subscript  "s”  denoies the  solid  (frost)  layer,  and  "a," uid  "K,"  are  the  thetmil 
dinusivity  and  ihemal  conducdviiy  of  the  frost,  te^ieciively. 

The  thermal  conducdviiy  of  the  frost  is  calculated  using  the  formula  (Ziltraewslti 

1984); 


K,  = 2.85(ft)^  lO"*  (8.4) 

where  (K,)  is  in  W/m-K  and  the  frost  density  (ft)  is  inkg/nt’.  The  frost  density  is 
caJculated  using  the  formub: 

ft  = 650exp(037?T.)  (8J) 

where  (ft)  is  in  kgftn’,  and  the  temperatuie  (T,)  in  X is  the  average  of  the  frost 
subfieezing  temperamre  (T,)  and  the  water  triple  pointierapetaturelT,).  Thisfrost 
density  formula  was  developed  by  O'Neal  (1982)  from  eaperimentai  data  generated  by 
Hayashietal.(1977). 


The  thetmal  difftrsivity  of  the  frost  is  calculated  using  the  formula; 


where  ( C, ) is  the  speciftc  heat  of  the  frost  and  is  calculated  by  the  formula  (Aleaiades  and 
Solomon 


1993); 
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C,  = 7.16(10)-^  (T, +273.16)  + 0.138 
where  (C,)  is  in  kJ/kg-K.  and  ihe  lempcrauirE  (T,)  is  in  ’C 


(8-7) 


lempeniure  used  in  die  frost  density  equation  above. 

Since  the  defrosl  beaiinpui  flux  ( I will  cause  Ihe  lempetaiuieof  ihefrosiio 
rise  as  Ihe  heat  peneuaies  the  frost  region,  a quantity  is  defined  as  the  thermal  penetration 
depth  (5(0 1 in  order  to  represent  the  distance  between  the  cooler  surface  and  the  farthest 
location  in  the  frost  region  that  has  been  affected  by  the  heat  In  other  words.  Ihe  concept 
of  the  Ihermal  penetration  depth  is  anaJogous  to  the  boundary  layer  thickness  concept  in 
fluid  mechanics  (Goodman  1964).  This  means  that  the  frost  temperature  beyond  (be 
thermal  penctradon  depth  is  sdfl  at  Ihe  subfreealhg  uniform  temperature  (T; ).  Therefore, 
at  the  thermal  penenadon  boundary  as  can  be  seen  in  Figure  8.1.  the  following  boundary 


T,(Rb  + 5,t)=Tf 
aT.(Rt-fS,l) 


(8.8) 

(8-9) 


Figure  8.1  shows  the  icmperauire  profiles  as  ihetemperaturc  of  Ihefrosilayei 
touching  the  wall  of  the  cooler  rises  to  the  water  triple  point  lempcraiure  ( T^ ).  at  which 
lime  the  thermaJ  penetration  depth  is  equal  to  (5^^)  where  the  phase  change  processes  will 
be  inidaied  and  the  subscript  "pc"  refers  to  "phase  change."  In  what  follows  ore  die 
maihemadcal  steps  leading  to  the  formulas  for  calculating  the  penctradon  depth  (Spj)  and 
the  time  ©fits  occurrence  (If,)  using  the  heat-balance  integral  technique. 


of  (he  fiDM  (T,) 


I scaled  by 


T.<r,0)=0 


IS  (Rfc)  aed  (Rj,  + 8). 


The  lefi  hand  side  of  Equation  <8. 16)  is  ime  jniied  to  become: 


,f3T.(R^-s8,0l  ^ |9T,(R^,Hl| 


where,  when  the  tioundaiy  condition  of  Equation  (8.15)  is  si 
(8.17).  the  following  equation  evolves: 


Defining  the  followng  term  for  the  convenieDce  of  tte  analysis: 

e(f,l)=  Jf(r,t)dr  (119) 

>>b 

f(r,i)  = rt,(r.l)  (8J0) 

with  the  Leibnitz's  integral  formula  for  a general  function  F(r.l)  is  .staled  as  (Arpaci 
1966): 

STFl,.»d,.F<b.O  J - "'■■"I  * T ^ " “-m 

and  when  the  function  f(r.i)  inEquaUon(S.20)lssubstiiuicdinio  Equation  (8.21),  the 
following  equalion  evolves: 

|•TrT.^r.t)tlr  = b•f,(b.I)^  - aT,(a.»—  + 7'f  dr 

'*■  *(11  'll  di  .ft)  ft 


(8.22) 


Applying  Equalion  (3.22) 


right  lund  side  of  Equation  (8.16)  will  produce 


he  following  equation: 

*T‘,  d 


= - I fT,{r.i)dr  +RfcT,(Rfc,i)  — 


- (Rb  + 8)T.(Rb+8.t)- 


d(Rb  + 5) 


where,  when  ihc  boundary  condiiion  of  Equation  (8.14)  is  subsiituied  inioEquadon 
(8.23).  and  the  second  icrm  in  the  righi  hand  «de  of  Equation  (8.23)  is  dropped  due  to 
the  derivative  Icrm  of  a constant  ( R^ ).  the  following  equation  resulls: 


I I 


lr  = - / rf,(r,.)c 


(8.24) 


When  Equations  (8.18)  and  (8.24)  are  subsiituied  into  Equation  (8.16).  the 
following  equation  evolves: 

and  when  Equation5(8.19)and(8.20)aresubsiiimedintoEqiiatioR(8.25).lhe  foUowing 


52  = _ o R 

A lemperucure  prolile  is  assumed  for  the  b 


(8.26) 

in  the  pre-melting  stage  as  follows: 


[ •'b 


I PohJe  (1961)  10  produce  good  results. 
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where  (his  profile  has  been  tested  by  Lardner  and 
The  profile  is  a combination  of  a loiarillunic  term  in  ( r ) and  a polynomial  in  ( r ) which  is 
what  is  required  to  solve  a cylindrical  coordiiuuv  problem  using  (he  heat-balance  integral 
method.  Ihis  profile  is  found  to  satisfy  the  boundary  conditions  of  (his  stage  of  (be 
problem  (Equations  8.13  to  8.15). 

■Hie  derivative  of  the  temperatura  profile  of  Equation  (8.27)  with  respect  to  ( r ) is 
calculated  at  the  outer  surface  of  the  cooler  ( r ==  R ^ ),  and  is  found  to  be: 


at,  (R>.i) 

St  K, 

and  when  this  equation  is  subsdiuied  into  Equation  (8.26),  i 
dt  K, 


(8.28) 


(8.29) 


When  the  temperature  profde  of  Equation  (8.27)  is  substituted  into  Equation 
(8.20).  and  (heo  the  result  is  substituted  irrto  Equation  (8.19)  to  derive  an  equation  for  the 
defined  variable  (6  (r.t)).  the  follovring  equation  evolves: 


(8.30) 


(8.31) 
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;i)=  +^r5(8  + R,)2-^r‘ 

144  144  ^5+R^J 


(8.32) 


A3(i)=  Rb<8  + Rt) 


96 

144 


rJ  (S+Rb) 


4J^1 


(8-33) 


Talcing  ihe  dehvaiive  ofEquaiion (8.30) and substiuiiiog the resultinioEquaiion 
(8.29)  and  Uien  sunplifying.  an  equation  for  the  time  ( I ) in  terms  of  the  ibermol 
penetration  depth  ( 8(1) ) will  result  as  follows: 


Rfc  jr-72t)-|nTi->96qln  tl-36lni)-H3n*-36n^->32il-9 

.K,J[  I44('tl-l)(2lnn  + 'l-l) 


(8.34) 


which  is  the  same  equation  derived  by  Lardncr  and  Pohle  (1961)  in  llieir  reseaich. 

When  the  lempcraiure  ptorde  of  Equation  (3.27)  is  substituted  into  Equation 
(8.10).  and  the  resulting  equation  is  solved  for  the  lemperaure  at  the  outer  surface  of  the 
cooler  ( r = R^ ).  the  result  is  found  to  be: 


Wlicn  the  temperanue  of  ihu  frost  layer  touching  ilie  wall  of  the  cooler  rises  to  the 
water  triple  point  lemperaiiire  ( T, ),  the  thermal  penetration  depth  at  that  time  ( Sp, ) can 
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be  calculated  by  iicniion  front  Equation  (8.36)  by  substitudjig  the  value  of(T,,)  rorilie 
term  T, (R|, .tj.and sunpUfying the fomi of tlieeqttation.  Thisyields 


Equation  (8.37)  is  to  be  salved  byiicradon forthe  valueoffS^),  where aiihat 
depth,  the  meJtiiig  process  will  begin  along  with  the  other  phase  change  processes 
(evaporation  and  sublimaiion).  Ihe  time  required  for  the  frost  layer  touching  the  wall  of 
the  coaler  to  teach  the  water  triple  poinl  lemperature  (t^)  can  be  calculated  by 
substiniiing  the  value  of  (Sj,)  into  Equation  (8.3S)  and  substiDiting  Uie  tesuH  into 
Equation  (8.34). 


Ibe  melting  process  along  with  (he  other  phase  change  processes  (evaporation  and 
sublimation]  arid  a convection  heat  transfer  process  will  be  iniiiatedatthissuge.  The 
frost  will  Stan  to  melt  and  sublimate  at  the  water  triple  poim  temperature.  The  bulk  of  the 
melt  itself  is  assumed  to  be  removed  from  Die  cooler  by  a special  mechanism  while  a thin 
film  of  it  will  be  evaporating  at  the  water  triple  point  temperature.  A schematic  drawing 
describing  this  process  can  be  seen  in  Ftgure  8.2,  where  the  phasechange  interface  (also 
called  'Hie  frosl-melt-air  inierfacc’'),  will  begin  lo  move  outward  relative  to  the  cooler 
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Since  ihe  defrosi  heal  inpmllux  IQ^„)  will  cause  the  frosl-nelt-eir  inleiface  to 
move  outward  leiadve  lo  the  cooler  outer  surface,  a quamily  (S(l))  is  denned  lo 
reprcseni  ihe  distance  between  the  cooler  ouier  surface  and  the  phase  change  interface  <as 
can  be  seen  in  Figure  8.2).  As  the  phase  change  processes  progress,  pan  of  the  defrost 
heal  input  nux  will  still  continue  to  penetrate  through  the  frost 

The  governing  equation  with  the  boundary  condidons  representing  this  stage  are 
as  follows: 


2 a.i' 

r 3r  I,'  Jr  j a,  3i 


(8.38) 


T,(Rh+S.l)=T, 


(8-39) 


T,(Rt  + 8,l)=Tf 


(8.40) 


3T,(Rt-s8.t) 

dr 


(8.41) 


Q„.,-Q=,.v-Q„s-Q™p  (g,42) 

while  the  conditions  of  the  thermal  penetration  depth  and  the  distance  of  the  phase  change 
interface  from  (he  cooler  outer  surface  are  as  follows: 


5(i  = tp,)=8p,  (g.43, 

S(l  = tpe)=0  (j,44) 


The  ihemisl  properties  of  the  frost  in  this  stage  are  catculaied  in  the  same  manner 
employed  for  the  pre-melting  stage,  whUe  the  latent  heal  of  fusion  I L^, ) is  assumed  to 
tc  equal  to  143.33  Btufibm  of  water.  To  simplify  the  analysis  of  this  stage,  the 
convecdon,  sublimation,  and  evaporation  heat  fluxes  (Q„„,  Q„5.  and  Q„ 
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le^ctivcly)  are  aU  assumed  lo  be  consluiL  AscanbeseeninEqualion(8.42).  wUch 
rapresenls  ihe  bouadary  condidcu  al  die  frost-mell'Oir  interface,  ihe  melting  process  bos 
been  assumed  to  be  the  main  ntccliaitism  driving  the  interface.  In  oUier  words,  the  melt 
interface  has  been  assumed  to  coincide  with  both  the  evaporadon  interface  and  the 
sublimaUon  tnleiface. 

As  was  leponed  in  the  eaperimemal  pan  of  this  invesdgadon.  the  convecdon  heal 
(lux  I ) is  due  to  the  forced  convecUon  heal  iraiisfcr  between  the  frost-meli-air 
interface  at  the  triple  point  temperature  (T,p)and  the  ait  stream  inside  Ihe  freezerdue  to 
Ihe  operadon  of  ibe  FCU-A  blower  dtirini  that  dme.  The  air  stream  velocity  In  from  of 
Ihe  first  row  of  the  coil  has  been  observed  expeiimenially  to  be  equaJ  to  5.5  fl/sec.  while 
the  air  sueam  temperature  (T_)  is  assumed  to  be  constant  and  is  equal  to  the  freezer 
temperature  duiing  the  refngeradon  mode  before  switching  lo  die  hot-gas  defrosting 

1210  convecdon  beat  flux  ( Qo,e« } is  calculated  using  the  foimuia: 

Q»..  =h«..(T, -T»)  (8.45) 

where  (h„.)  is  the  film  convecdon  heat  transfer  coefficienl.  and  is  cakulaied  using  die 
empirical  cotmiadon  due  to  Hilbert  (1933): 

= 0.683  (ReD)"*"  (^)  (8.46) 

This  is  a widely  usedconeladoailnctoperaandDewiit  1996)  where  (Pt)  isihoPmndU 
number  of  the  air  sireain  and(Di,)isassumed  lobe  equal  to  the  outside  diameterof  the 
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Ttie  Reynolils  number  (Reel  of  the  air  sireein  is  calculaieil  using  ihefoUawing 
fonmila: 

Reo  = (S.47) 

where  < V_ ) is  the  ait  stream  vslocily  and  ( v. ) is  the  kinemalie  viscosity  of  the  air.  All 
the  air  properties  employed  in  Equations  (8.46)  and  (8.47)are  to  be  evaJuaied  at  the  film 
temperauire  ( Tfo, ) which  is  the  average  of  the  air  stream  icmperamrc  (T„ ) and  the  water 
thple  point  icmpcmiurc  (T^ ). 

The  evaporation  heat  flux  < ) is  calculated  usini  the  fomiula: 

Q.™,  =hDl-^[w,(P„„,T,)-W_(5(«t.RH,T>)]  (8.4S) 

where  (L„^)  is  the  latent  heat  of  evapoiadon  and  is  assumed  to  equal  I07S.I5  Blu/lbm 
of  water.  The  term  ( W„ ) is  the  humidity  ratio  of  ihc  saturated  moist  air  over  the  melt  at 
the  [rost-melt-air  interface.  This  quantity  ( W„ } is  evaluated  at  the  water  vapor  saturation 
pressure  over  the  melt  ( ) and  the  water  triple  point  teraperanirefT,). 

The  water  vapor  saturation  pressure  over  the  raeli(P„„)is  calculated  in  psia 
using  the  formula  (Hyland  and  Wexler  1983:  Olivieri  etaL  1996): 

l8i(T  + 459.69)‘+g.ln(T+459.69)  (8.49) 

where  the  constants  are: 

g_l  = -1.044039708x10* 


= -112946495635x10' 
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Jl  = -2.7022355x10“* 
g,  = 1.28903604938x10“’ 
g,  = -1478068072X10“’ 
g^  = 6.5459673 

and  the  ismperaiun:  subsiiiuicd  in  the  above  fonnula  [Equaiion  (8.49))  U Ihe  waler  triple 
poim  lemperaiute,  whkh  must  be  in  *F. 

The  humidity  ratio  of  Ihe  saturaied  moist  air  over  the  melt  ( W„ ) U calculated 
using  the  common  formula  for  the  humidiiy  ratio  of  saiumied  moisi  air  fWang  19931: 

W(P„.T)  = 0.62198  p ‘’"p  (8J0) 

by  substitming  the  value  of  (P„^)  for  Ihe  variable  (P„)  where  (P„)  is  the  air 
atmospheric  pressure,  and  is  assumed  lo  equal  14.697  psia. 

The  tenn  (W_)in  Equaiion(g.48|i5ihchumidiiy  miioof  iheairsbeam  whichis 
evaluated  al  the  temperature  (T.)  and  is  assumed  to  be  at  50%  relative  humidity.  The 
quandiy  (W_)  is  evaluated  from  the  tables  of  moist  air  properties  or  the  psychroraenic 
chart  The  term  ( h p ) in  Equation  (8.48)  is  ihe  conveciion  mass  transfer  coefficient  and 
is  relaud  lo  the  convection  heal  transfer  coefficient  by  the  Lewis  analogy  as  follows 


(PadIdeLBl.  1989;  Ttirelheld  19701: 


where  <C^  )isihe  specific  heal  of  inoUl  air  and  I5  usiuned  lo  be  equal  to  0.243  Biu/Ibm 
•'F  of  dry  air  (Wang  1993),  while  ILe)  is  ihe  Lewis  number  for  air  and  waier  vapor 
mixtures,  and  is  assumed  lo  be  equal  In  0.845  lASHRAE  1993). 

The  sublimaiion  heal  flux  ( ) is  calculated  using  ihe  formula: 

Qrt  =hoL^[w,(p„,,,T,)-W.(50*RH.T.)]  (8.52) 

where  ( L,^ ) is  Ihe  latent  heal  of  sublimation  and  is  assumed  to  equal  121 8.42  Biu/Ibin  of 
water.  The  term  ( ) ia  Ihe  humidity  ratio  of  the  saiumicd  moist  air  over  the  fhist  at  the 
frosi-meit-air  interface.  This  quandiy  (W,)  is  evaluated  at  the  water  vapor  saturation 
pressure  over  the  frost  ( ) and  the  water  triple  point  lempemiure  (T, ). 

The  water  v^jor  sauiraiion  pressure  over  the  frost  ( P„j ) Is  calculated  in  psia 
using  the  formula  (Hyland  and  Wexler  1983;  Olivieri  etal  19961; 

m(Pn.r)=  Zm,(T  + 459.69)*-'  + raaln{T+459.69)  (8.53) 

where  the  constants  are: 

mo  = -1.021416462X10' 
m,  = -4.89324277179 
mj  = -5J765794445XI0“^ 
raj  = 1.92023768519X10“’ 


= 355758316187x10“" 
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fflj  = -9.03446883097x10  '* 

ID6  =04I63SOI9XIO' 

and  the  tcmperaiure  subsiiuiied  in  Uieabove  farmula  [Eqiulion  (8.53)|  is  the  wateriripic 
point  temperature,  which  must  be  substituted  in  *F. 

The  humidity  ratio  of  the  saturated  moist  air  over  the  frost  ( Wf ) is  calculated 
using  Equation  (8.50)  by  substituting  the  value  of  ( P„.r ) for  the  variable  < P„ ),  while  the 
ternis  (W_)and  (Hq)  in  Equation  (8.52)  are  exacUy  Ihe  same  terms  shown  previously  in 
Equation  (8.48). 

Siading  the  leraperature  of  the  frost  (T,)by  subtracting  from  it  the  value  of  the 
water  triple  point  temperature  ( T, ) will  simplify  the  algebra  in  this  melting  stage,  where 
the  scaling  equnticei  is  as  follows: 


where,  when  this  equation  issubsiituied  forthe  valueof  (T,)in  Equations8.38  to8.42. 
the  following  five  equations  evolve,  respectively: 


t,(r.l)=T,(r,i)-T, 


(8.54) 


(8.55) 


t,(Rs+S.t)=0 


(8-56) 


f,(Rb+8.1)=T,-T,  = 4T 


(8,57) 


(8.58) 


(8,59) 


Q-p»-Q«.-Q«*-Q»m.  +k,- 

CoUecling  Lhe  coosunl  heal  flux  le 


Q«=Q^-Qo>..-Q,„-Q,v.p  (8-M) 

will  simplify  Uk  nlscbre,  where  Eqiuiion  (8.591  will  ihen  have  less  icrms  as  follows: 

^ 9t.(RKfS,0  . dS 

Qbcc  "hK* ft  f-oieli  (8.61) 

Applying  Lhe  heal-balance  ioiegrel  mclhod.  Die  govetniag  equaiion  [Equation 
(8.55)1  is iniegraied  from  ( R|,  + S)  lo<R),  + S)  with  lespeci to  ( r ) as shoivn  below: 

3 r f’Sf.’ll  “b*'  af. 

The  left  hand  side  of  Equaiion  (8.62)  is  iniegraled  lo  become: 


where,  when  the  boundary  condiiion  of  Equation  (8.58)  is  subsiituied  into  Equation 
(8.63),  the  followini  equaiion  evolves: 

.fat.lR.tS.t) 


tb+SlI 


(8.64) 


DcAning  the  following  icm  fm  ihe  convenience  of  (be  analysis: 

e|(r.d=  Jf|{r.l)ilr  {8.651 

Rs*s 

where 

f,(f,t)  = rt,(r.(>  (8.66) 

and  when  (he  funciion  f,  (r,l)  inEqua(ion(8.66)Usubs(i(ulediolo(be  Leibnilz's  inugral 
formula  (Equauon  (8.21)].  (he  following  equation  evolves: 


Applying  Equation  (8.67)  lo  (herigh(handsideofEqualion(8.62).wiUpnxluce 
he  following  equation: 


+ 6)t,(R5  + 5, 


, d(Rfc-t-S) 


(8.68) 

where,  when  the  boundary  conditions  of  Equations  (8.56)  and  (8.57)  are  substinned  inio 

Equation  (8.68).  and  dropping  the  terms  in  Ihe  rigb(  hand  side  o(  Equation  (8.68)  whkdi 

correspond  to  the  derivatives  of  aconstani  ( R|,).  (he  foUowing  equation  results: 

3T  (r  t)  d 1 HK 

/ (— • — tir  = — J rT,(r.t)dr  -(R^+8)AT^  (8,69) 


When  Equations  (8.64)  and  (8.69) 


(8,62). 


'9t,(Rb+S.I)'' 


- i rf.(r.„dr  I- (R.  *8,  AT ^ = - c.  (R, H 


{8-70) 


and  when  Equaiions  (8.61),  (8.6S)  and  (8.66)  are  subsiituiedinioEqiiniion  (8.70),  Die 
following  et|tiauon  is  produced: 


A lempcramre  prolile  is  assumed  foi 


(8.71) 

I in  ihe  mcliing  singe  as  follows: 

(8.72) 


and  is  subsdluied  Inio  Equaiions  8.66  lo  8.58  in  order  to  evaluate  die  caefTiciems  of  the 
polynomial  of  Equaiion  (8.72).  These  coefOcicnis  ate  given  below: 


(Rb  + 5) 


-AT 


{8-74) 


When  the  lempemture  profile  of  Equation  (8.72)  is  substituted  inio  Equaiion 
(8.66),  and  then  the  insult  is  substituted  Into  Equaiion  (8.65)  to  derive  an  equaiion  for  the 
defined  variable  <6,  (r.i)),  Ihe  following  equaiion  evolves: 
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9,  (r  r)=  4 * +1  Arm. 


iiT(Rj  + S)* 


^AT(Rt  + 5)^ 


^iT(R^+S)’ 


I 


(g.75) 


To  amplify  ihc  analysis,  ii  is  assumed  itiai  the  raiio  inside  ihe  logariliunic  turn  in 
Equation  <8.7S>  is  a consuoi  ( b ) as  follows: 

where  Ibis  assumption  implies  that  the  ratio  of  the  ihemal  peneiniion  depth  radius  lo  the 
radius  of  the  phase  chanjc  interface  is  consiuL  The  above  assumption  has  been 
employed  Khakimov  <1957),  Lunardini  (1980.  l981)andGupta(1973).  Khakimov 
(1957)  has  found  esperimenially  dial  this  ratio  for  constant  temperaiuie  applications  to  be 
in  the  range  of  4.5  - 5.5.  but  he  recommended  the  value  of  4 A and  used  it  in  his  model  on 
freezing  outside  cylinders.  Lunardini  (198(1. 198II  on  the  oiberhand  suggested  that  this 
assumption  is  not  valid  for  cylindrical  systems,  but  argued  that  it  does  siraplify  the  analysis 
and  produce  reasonabic  solutions  nevertheless.  Lunardini  (1980,  1981)  used  this 
assumption  for  his  model  on  thawing  outside  cylinders.  Gupta  (1973)  applied  this 
assumption  to  his  model  on  spheres  and  cylinders  usingavalue  of  4.5  for  the  constanL 
and  was  able  to  produce  meaningful  results.  In  ihismodeLIt  will  beassumedthatthis 
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Subsdluiiag  Eqmiion  (8.76)  into  Equalion  (8.7S)  results  in  the  following  equation: 
B,  (t,l)=  (R„+S)’  B6T  (8.77) 


® 41nb’'2  12lnb*4[,n6]^  36  [in  6 f 9b[lnbf 

(8.78) 

and  w)icn  Uilcing  Die  deiivaiive  of  Equauon  (8.77)  wiUi  respect  to  ( i ).  (be  foUowiog 


^ = 2BAT(Rfc  + S)^  (8.79) 

Taldiig  Die  derivadve  of  Equation  (8.76)  with  respect  to  ( i ).  will  result  in  tbe 
foUowing  equadon: 


and  when  Equauons  (8.76),  (8.79)  and  (8.80)  are  subsdlulcd  into  Equation  (8.71),  an 
equadon  desoibing  die  drac  rate  of  change  of  Die  iocauon  of  the  phase  change  interface 


(8.81) 


Iniegradng  Equadon  (8.81)  beiweenUie  Umlu(S  = 0ai  t.  tj,)and(  S(t)ai  t),yield.s 


tbe  fallowing  i 
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iiDponani  equiiion  Tor  the  location  of  ihe  phase  change  interface  in  terms  of 


Prom  Equations  (8.81)  and  (8.82).  the  rates  of  evaporation.  subUmaiion  and 
melting  can  be  calculated  as  fuDctions  of  dme  as  follows: 

Q.*.pli)=  Q«.«2*XS(t)  (8.83) 

QiU)(0=  Q„b2*>.S(l)  (8.84) 

Q«kfO=  (ftL^^)2»XS(t)  (8.85) 

wheie  (X)iepiesenis  the  length  of  the  cooler  coll. 

Assuming  the  initial  (hist  thickness  on  Ihe  cooler  to  be  deOned  as  ( S, ).  then  Ihe 
frost  thickness  at  any  instant  of  dme  (Sf(l>)  during  the  hot-gas  defrosting  process  is 
calculated  as  fallows: 

Sf(t)=  S,  - S(l)  (8,86) 


The  model  described  above  has  been  tested  for  three  different  cases.  Tbe  nrst  case 
is  for  testing  the  effects  of  changing  the  defrost  heat  input  Dun  on  the  sublimation, 
evaporation  and  melting  heat  rates  along  with  the  frost  thickness  whUe  keeping  the  other 
parameiers  fixed.  The  effects  of  the  defrost  heat  input  flux  has  been  tested  for  three 


264 

differeni  values  as  can  be  seen  in  Figufcs  8.3  lo  8.6,  where  ihe  values  of  ihe  olhet  consiani 
parameiers  are  also  shown. 

As  can  be  seen,  il  is  dear  Ihai  Uie  duration  of  Uie  hut-gas  defrosting  mode 
decreases  while  increasing  the  de&osi  heal  input  flux.  Tbe  sublimaiiun.  evaporation  and 
melting  heal  rates  are  all  shown  lo  increase  with  bme  where  Ihe  sublimation  heat  rate  is 
higher  than  the  evaporation  heal  rate,  while  tbe  latter  is  higher  than  the  mellisg  beat  rale. 
This  observation  is  shown  to  be  in  agreemem  with  what  has  been  observed  in  the 
experimental  investigation.  Pan  of  Ihe  rationale  for  tbe  increasing  rales  is  the  fact  Uial  the 
defrost  heal  input  rate  Itself  is  an  increasing  function  of  lime  as  was  repotted  earlier  in  this 
chapter.  Again,  ihis  trend  will  hold  true  for  relatively  short  tune  periods  which  repteseoi 
the  duration  of  the  defrosting  phase. 

The  margin  beween  the  melting  heai  rate  and  the  other  two  heat  rates 
(sublimation  and  evaporation)  is  shown  tn  decrease  with  the  increase  of  the  defrost  heat 
input  flux.  The  sublimation  heat  rule  is  shown  to  be  Ihe  same  at  the  termination  of  the  of 
the  hot-gas  defrosting  process  regardless  of  the  defrost  heal  flux  value.  This  observation 
can  also  be  seen  for  the  evaporation  heat  rale,  but  for  the  melting  process,  the  melting  beat 
rate  at  the  leiminntion  of  the  hot-gas  defrosting  process  is  shown  to  incieasc  with 
increasing  the  defrost  heat  input  flux.  In  ihe  case  of  (he  subbmation  and  evaporeiion 
processes,  the  above  obsovation  is  uuribuied  to  the  fact  that  (be  sublimation  and 
evaporation  hem  fluxes  are  assumed  constants  in  thu  model.  In  Figure  8.6.  the  frost 
tiiicknc.s5  is  shown  In  decrease  faster  while  tncreasing  ihc  defrost  heal  input  flux. 

The  second  co.se  tested  pertains  to  Ihe  effects  of  changing  the  lube  diomeier  on  the 
suhlimaiion,  evaporation  and  melting  heat  rates  along  with  the  frosi  thickness  while 


265 


5 I I 


266 


I t I 


267 


S 8 S 

♦ t 1 


t t < 


269 

keepiog  ihe  other  panmcicrs  consum.  The  efTcci  of  the  tube  diameter  has  been  tested  for 
three  dilTejeni  vaJues  as  can  be  seen  in  Figures  8.7  to  8. 10,  where  the  values  of  the  other 
paraiDciers  are  also  shown. 

As  can  be  seen,  it  is  dear  that  the  duration  of  the  hot-gas  defhtsiing  mode 
decmases  while  incTeasing  the  tube  diameter.  The  sublimation,  ev^ioration  and  melting 

incteasing  defrost  heaiinput  rate.  The  sublimation  heat  rate  is  higher  than  the  evaporation 
heal  rate,  while  the  latter  is  higher  than  Ihe  melting  heal  rale  except  for  the  third  tube 
diameter,  where  the  melting  heal  rate  is  higher  than  the  evaporation  heal  rate.  This 
observation  implies  that  at  higheriubediameieis.  the  melting  beairaiecloses  its  margins 
with  the  other  heat  rate  processes  and  might  even  pass  them. 

The  heal  transfer  rates  for  the  Ihrae  diffeieni  modes  are  shown  to  incmase  with 
incteasing  rube  diameter  at  Ihe  lerraination  of  the  boi-gas  defrosting  process.  In  Figure 
8. 10.  the  frost  thickness  is  shown  u>  decrease  faster  as  the  tube  diameter  is  increased. 

The  last  case  tested  pcnaiits  to  the  effects  ofchanging  the  initial  frost  thickness  on 
the  sublimadon,  cvaporadon  and  melting  heal  rates  along  with  the  frost  thickness  whiJe 
keeping  the  ether  panmciers  consianu  The  eRecis  of  changing  the  initial  frost  thickness 
have  been  lesiedforlhceediffeieni  valuesascanbcseenin  Figums  8.11  andS.12.  where 
the  values  of  the  other  parameters  are  also  shown. 

As  can  be  seen,  it  is  clear  ihai  ihc  duration  of  the  hot-gas  defrosting  mode 
increases  while  increasing  the  initial  frost  thickness,  which  is  quite  logical  The 
sublimation,  evaporation  and  melting  heat  rates  are  all  shown  to  increase  with  time  where 
Ihc  subiimaBon  heat  rate  is  higher  than  Ihe  evaporation  heat  rate,  while  the  laner  is  higher 
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than  (he  melting  heu  rate.  This  observation  is  shown  to  be  in  ngiecmem  wiih  whai  hns 
been  observed  bi  the  enpenmenial  invesugaiion.  In  Figure  8.12,  the  first  (hicbiess  is 
shown  10  decrease  faster  while  decreasing  the  initial  frost  tbickness. 


8.4.  Cnnclusionr 

TTic  model  developed  in  this  chapter  provides  inieresiiog  qiialiiadve  and 
quantilalive  trends  during  the  hot-gas  defrosting  process  on  a cyliidiicai  coil  coaler.  The 
model  predicts  the  duration  of  the  hot-gas  defrosung  process  to  decrease  with  increasiDg 
tbe  defrost  heat  input  flua,  increasing  Ihctubediaroeter,  and  decreasing  (he  initiaJ  frost 
ibicicness. 

Tbe  model  shows  that  tbe  evaporaiion  heat  rate  is  aiw^s  lower  than  the 
subUmaiion  heal  rale,  while  the  margin  between  the  melting  heat  rate  and  ihe  other  two 
modes  closes  as  the  defrost  heat  input  fliu  increases,  and  as  tbe  tube  diameter  increases. 

The  frosl  thickness  is  shown  to  decrease  faster  as  the  defrost  heat  input  fliu 
increases,  the  lube  diameter  increases,  and  as  the  initial  frost  thickness  decreases. 


CHAPTER  9 

VISUAUZATION  STUDY 

TlK  puqx>5e  of  ihis  chapter  is  to  provide  a quaiiiaiive  assessment  of 
psychrometric  processes  typicalJy  found  in  industrial  fieezecs.  The  discussion  will  irtcludc 
some  bacIcgtDtind  infonnaiion  pertaining  to  psychromeiiics  in  (he  frosi  zone  and 
visuallzaUon  of  the  frost  formalion  process  under  different  lieezer  conditions. 

9.1.  Psvchipmelrics  in  the  Frost  Zona 

Wile  (1944>  was  probably  the  fiist  person  to  investigate  psychrometty  in  (be  frost 
zone.  Wile  observed  that  significant  difRciiliies  east  in  measuring  tentperature  and 
Immidity  at  freezer  lemperatuiEs.  Henoted.foreaampie.  ihaiif  ihesvickofawelbulb 
thermometer  is  wetted  with  subcoolod  water  and  calculations  are  based  on  ice,  large 
errore  mayresulu  WilealsoobservedUijtailowairvelocitjes.ihepsycbromeiertendsio 
overpiedicc  tbe  relative  httmidiiy,  while  the  reverse  is  true  ai  Itigh  air  velocities. 
Difficulties  in  measuring  air  relative  humidity  at  low  dry  bulb  temperatures  (less  titan  0*F) 
can  be  ezempllfied  by  noting  the  very  narrow  band  in  tiie  subsaiuraied  zone  ofilie 
psychromeiiic  chan  shown  in  Figuis  9.1. 

One  of  ihe  major  issues  assoclaied  with  indusimJ  freezers  is  lhai  of 
infiltration/ezriliration  between  Ihe  cold  and  dry  freezer  air  and  the  wanner  and  more 
humid  surrounding  ambient  air.  Figure  9.2  ilJustraies  the  IrequenUy  encountered 
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conditions  of  airbonie  ice  ctysials.  ordinary  fog,  ict-up  freezer  HooR  and  seriously  chilled 
ouier-room  floors  found  in  a typical  freezer  where  infUiraiionfejifiliraiion  probtems  esisi. 
These  condiiiofia  can  also  be  seen  in  Figures  9.3  and  9.4  which  represent  an  actual 
industrial  freezer  that  has  experienced  these  problems.  Figure  9.3  lUuslraies  fog  formatioii 
oulside  freezer  entrances  and  haze  (frozen  fog  paniclesl  flowing  inward  at  freezer 
entrances  (KCR  I99Sb).  Ingure  9.4,  on  the  other  hand,  illustrates  snow.llke  frost 
accumulations  found  on  coils  located  near  freezer  doorways. 

A typical  Infdtrationfexrdtjation  ait'mixing  process  across  a tnie-to-Ufe  freezer 
doorway  is  represented  graphically  on  the  psychronieuic  chan  in  Figure  9.5.  In  this 
rigure.  the  cold  and  dry  freezer  air  at  • lO'F  (Poini  F)  is  shown  to  mix  with  the  warmer  and 
more  humid  outer-room  ait  at  40'F  (Point  0).  The  air-path  0-F  representing  the  air- 
mixing process  ia  shown  to  cross  the  salutation  line  and  invade  the  supersaturated  zone. 
The  invasion  of  the  supersaturated  zone  above  the  water  freezing  tetnpernaue  (32'R  in 
Figure  9.5  represenis  the  fog  fotrnaiion  process  in  the  outer-roam,  while  ihe  invasion 
below  the  water  freezing  temperature  represents  the  haze  formation  process  inside  the 
freezer  (HCR  1995a). 


One  of  the  directives  of  the  research  program  upon  which  Ihis  dissertation  partly 
reports  was  to  present  a qualitative  assessment  of  the  different  psychromettic  processes 
typically  encountered  in  truc-to-life  industrial  freezers.  ITie  following  section  describes 


Hguie9.3.  Fog  andhue  formsUon  at  an  sciuaJ 
freezer  enirance  (HCR  1993b) 
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ke  fnu(  accumuUlioiu  on  ao  actual 
coil  (courtesy  of  HCR,  Inc.) 


Rgute  9.4.  Snow-lii 


A viiualUauon  study  of  the  frost  fomiatlon  process  on  the  E=CU-T  coil  has  been 
conducted  in  this  project.  TTm  study  was  to  visualize  the  dcvelopntent  of  the  frost 
fotmation  on  the  FCU-T  coil  as  the  moist  air  condidons  inside  the  psychrometric  &eezer 
room  changed  from  subsattirated  to  supersaturated  conditions  and  then  restored  hack  to 
subsatoraied  conditions.  TOs  esperiment  was  performed  by  operating  the  FCU-T  under 
its  refrigerauon  mode  while  continuously  injecting  steam  inside  the  psychrometric  freezer 
room.  The  steam  injected  was  produced  by  the  waier-vapot  generator  (WVG). 

In  this  experiment,  there  wasnoneed  toiniiially  opcrateiheFCU-Alobrinf  the 
FCU-T  coil  entering  air  dry  bulb  leraperature  to  a low  value.  The  operation  of  the  PCU-T 
under  Ihe  refrigeration  mode  started  oi  the  initial  existing  FCU-T  coil  entering  air  dry  bulb 
temperature,  which  wes  83*F  when  this  experiment  was  conducted.  The  steam  injection 


The  starting  of  the  FCU-T  refrigeraUon  mode  and  the  steam  injection  process 
occurred  while  moisl  air  conditions  inside  Ihe  freezer  were  stibsaniraicd.  The  FCU-T  coil 
reftigentnt  temperature  started  to  drop  immediately,  while  at  the  ijme,  the  FCU-T 
coil  emering  air  dry  bulb  lempcranite  dropped.  Afier  about  35  minutes,  the  color  of  the 
FCU-T  finned  tubes  turned  while  which  marked  the  started  of  frost  formation  on  the 
FCU-T  coil 

The  frost  fotmation  process  under  subsatutaied  condiUons  is  a transformation 
process  of  water  vapor  into  frost  bypassing  the  liquid  phase.  The  for 


of  frost  on  the 
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FC(J-T  coil  continued  in  (he  form  ofice-like  rnui  lASHRAE  1992b;  Smilb  1989).  where 
i picture  of  the  FCU-T coil  wilh  frost  ihickness(Sr)  of  0.031"  can  be  seen  in  Figure  9-6. 
Another  picture  showing  the  development  of  frost  formation  is  shown  in  Figure  9.7,  where 
the  frost  thickness  is  0.069". 


As  the  injecdon  of  steam  inside  the  psychronietric  freezer  room  continued,  the 
frost  thickness  cominued  to  grow  on  the  FCU-TcoU.  It  was  observed  that  fog  (water 
droplets  sounded  in  the  air)  started  to  form  inside  the  ps>chrometric  freezer  room  when 
the  frost  thickness  approsched  O.lOr.  while  the  FCU-T  cod  entering  air  dry  bulb 
temperature  (EAT)  was  above  the  water  freezing  temperature.  'Tbe  fog  formation 
marked  the  uarisilion  of  the  moist  air  conditions  from  subsaiurated  to  supersaturated.  A 
piemre  of  the  FCU-T  coil  with  Irost  Ihickness  of  O-IOT'  can  be  seen  in  Rgure  9.g.  while  a 
picture  showing  the  fog  formation  at  that  thickness  is  shown  in  Figure  9.9. 


The  frost  and  fog  formation  continued  to  occur  during  supersaruraied  conditions 
of  the  moist  air.  while  steam  was  being  injected  inside  the  freezer.  Tbe  frost  formation 
process  under  these  conditions  is  thought  to  be  a combination  of  two  processes:  a 
deposition  process  in  which  the  water  vapor  in  the  air  transforms  to  frost  on  the  finned 
lubes,  and  a solidification  process  in  which  water  droplets  in  the  air  transforms  to  ice  on 
the  finned  tubes. 
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As  Uie  FCU-T  nsfrigeration  cycle  cominued  lo  cool  ihe  freeier  under 
supersaumied  conditions.  It  was  observed  at  a Isier  time  that  hue  (eirtiome  ice  ciysuis) 
started  to  fomi  inside  the  room,  while  ibe  FCU-T  coii  entering  air  dry  bulb  tcmperacuie 
(EAT)  was  below  die  water  freeang  lemperatme.  Tbese  airborne  ice  crystals  are  thought 
to  be  developed  by  the  freezing  of  some  of  the  water  droplets  suspended  in  Ihe  air.  A 
picture  of  the  FCU-T  coaunderUieseconditionswithafronthiclmessofO.idff'canbe 
seen  in  Figure  9.10.  Anoihetpicturtshowingihedevelopmentoffrostformationunder 
the  same  conditions  is  shown  in  Figure  9.11  with  a frost  thickness  ofO.184".  while  a 
picture  showaig  haze  formation  (airborne  ice  crystals)  at  that  thickness  (Sf  = 0.1g4")  is 
shown  in  Figure  9. 12. 

Airborne  ice  crystals  were  observed  to  precipitate  on  the  FCU-T  finned  tubes 
(ormuig  snow-like  frost  (ASHRAE  1992b:  Smith  1989).  which  isofa  different  nature  than 
the  ice-like  frosL  The  snow-like  frost  formation  process  under  supersaturated  conditions 
is  thought  10  be  a combinalron  of  three  processes:  a deposition  process  in  which  water 
vapor  in  the  air  transforms  to  frost  on  (he  finned  tubes,  a soUdificatitMi  process  in  which 
water  droplets  in  the  air  iransfoims  lo  ice  on  the  finned  tubes,  and  a solid  to  solid 
transformation  in  which  the  airborne  ice  ciystals  precipitate  on  the  FCU-T  finned  rubes 
forming  snow-like  frost. 

After  frost  formation  has  reached  a thickness  of  0.I84".  the  amount  of  sleam 
injected  inside  ihe  freezer  has  been  increased  heavily  in  order  to  put  the  laher  under  severe 
supersaiuraicd  conditions.  More  haze  formation  has  been  visualized  to  occur,  while  the 
air  circulated  in  fast  movement  inside  the  room.  Two  pictures  of  haze  formation  can  be 
seen  in  Figures 9.13 and  9.14.  Thcsecondpictute(Rgiirc9.l4)waslakena 


I few  seconds 
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R|ure9.13.  HszefonnaUon 
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Figure  9.14.  Haze  formuion  - a (ew  seconds  luer 


2% 


after  Uic  Qrsi  picuue  (Figure9.13),ascanbe  secnby  the  more  inieiue  hazecoveiingUie 
view  of  Uie  duct  opening  in  Figure  9.14. 

As  ihc  heavy  sieam  injcciion  inside  the  room  cominued,  more  and  more  haze  was 
observed  lo  occur.  Two  picnires  of  haze  formadon  under  severe  supersauiraied 
condiiions  can  be  seen  inFigure5  9,15and9.I6forihe location underiheduciopening. 
The  second  picoire  (Figure  9.1b)  gives  a close-up  view.  A picture  of  ibe  FCU-T  while 
being  clogged  by  die  unfavor^le  snow-Uke  frost  under  severe  supeisaturaied  condidons 
can  be  seen  in  Figure  9.17.  Tlieterm “unfavorable” referslotheeffecisofihisfrosion 
the  coil  performance  as  it  reduces  Ihc  coil  heat  iransferrate(ASHRAE  1992b:  Smidi 
1989).  A picture  of  the  FCU-T  fan  outlet  being  clogged  under  severe  supersaturated 
conditions  can  he  seen  in  Figure  9.18. 


While  moist  air  inside  the  freezer  is  sdlJ  under  severe  supersaiumed  condidons, 
the  steam  injeciion  process  and  the  FCU-T  refrigeration  mode  have  both  been  lerminaied 
ai  (he  same  lime.  Soon  after  the  termination,  the  frost  accumulated  on  the  FCU-T  finned 
tubes  was  observed  to  undergo  a subliraaUonprocess(asolid  to  vapor  iransfotmaiion) 
where  the  frost  on  the  finned  tubes  transforms  to  water  vapor.  This  sublimation  process 
marked  the  transidon  of  moisi  air  condilioiu  from  supersaturated  to  subsaiuraied.  A 
picture  of  the  FCU-T  while  the  frost  is  sublmiadng  can  be  seen  in  Figure  9.19. 

When  rat^l  air  condiiions  have  beea  restored  back  to  the  subsaiuraied  condidons, 
the  remaining  frost  on  die  RTU-T  finned  rubes  started  to  raelu  A picture  of  the  FCU-T 


297 


298 


2» 


300 


301 


frosi  melting  after  subsaiuraied  conditioiu  tiave  been  resioredcan  be  seen  in  Fl|ure  9.20, 
while  a picium  of  die  frosted  FCU-T  under  these  conditions  is  shown  in  Figure  9.21. 
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Fijuie  9.20.  Frost  tnelung  after  t 
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CHAPTER  10 

CONCLUSIONS  AND  RECOMMENDATIONS 


IQ.l.  CnncliuiiniK 

Visualization  suidies  of  (be  fmsi  and  fog  fomiaiion  as  moist  av  cODdiiims  inside 
the  fteezer  changed  from  subsauinied  to  supersamraled  indicated  thot  ihe  frost  formed  is 
ice-like.  The  fog  (liquid  water  dropieu  suspended  in  air)  would  start  to  form  while  the 
test  fan-coil  unit  (FCU-T)  coil  entering  air  dry  bulb  temperature  (EAT)  is  above  the 
freezini  temperature  of  water.  Fog  formation  marked  the  transition  of  moist  air 
conditions  from  subsaturaied  to  supersaturated. 

Haze  (airborne  ice  crystalsKomiationundersupetsaturatcdconditionsinsidethe 
freezer  was  observed  to  occur  while  the  FCU-T  coil  entering  air  dry  buib  temperature 
(EAT)  was  below  the  freezing  temperature  of  water.  During  supersaturated  condiBons, 
airborne  icc  crystals  were  visualized  and  vrere  observed  to  precipitate  on  the  FCU-T  tubes 
as  snow-like  frost.  This  frost  wasobservedtoclogthecoilandredtice  Ihecoil  thermal 
performance.  Hence  the  term  "unfavorable  frost"  was  used  to  define  snow-like  frost  as 
compared  with  the  more  favorable  ice-like  frosL 

The  frost  sublimation  observed  ai  the  teiminadon  of  the  steam  injecBon  process 
and  the  FCU-T  refrigeration  mode  marked  ibe  iransiBon  of  moist  air  conditions  from 
supersaturated  to  suhsaturated.  This  subllmtuion  process  was  thought  to  occur  when  the 
air  Inside  ihc  freezer  was  starved  for  moisture.  The  subiimaBon  of  frost  into  the  freezer 
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was  observed  lo  continue  until  on  equilibnuni  state  has  t«en 
frost  Slopped  subliroing  and  started  to  melt. 

During  die  hot-gas  defrosting  mode,  this  investigation  revealed  that  a major  pan  of 
the  frost  accumulated  on  the  coil  escapes  as  moisture  inside  the  fieezer,  while  a smaller 
pan  of  the  frost  removed  from  the  coil  collects  as  melt.  The  moisture  escaped  was  shown 
to  be  an  underestimaied  iaient  load  component  imposed  on  die  refrigeration  system.  This 
obsen-Biion  held  uue  regardless  of  the  coil  inlei  condidons  and  despite  die  faci  that  die 
rate  of  holh  evaporation  and  sublimation  on  the  cod  surface  was  ardficiaily  enhanced  by 
the  convecdon  cunents  created  by  the  euailiary  fan-coil  unit  (FCU-A).  This  ftui-coii  unit 
was  forced  to  operate  during  the  defrosting  phase  of  die  test  fan-coil  unit  (PCU-T)  in 
order  lo  help  capture  the  moisture  generated  by  defrosting  the  latter.  While  this  is  the 
usual  practice  in  real  life  refrigeradon  appUcaiitms,  die  rate  of  both  evaporation  and 
sublimation  from  FCU-T  mayhavebcensUghUyovetpradiclcddueiDthesmallerfreeaer 
room  size  relative  to  that  of  the  cod.  However,  the  amount  of  both  the  moisture  escaped 
and  the  inell  codected  In  the  second  and  third  cycles  of  the  complete  re6igefaiion/defro,a 
run  conunuously  decreased.  While  the  absoluie  amouni  decreased  for  both  quanddes.  the 
relative  amouni  of  the  moisture  escaped  continued  to  he  far  more  significant  than  the  melt 
collected. 

Based  on  die  testing  results  obtained  for  several  cod  entering  air  dry  bulb 
lempcratures  (EAT),  the  investigadon  revealed  that  the  defrost  heat  load's  15%  nile  of 
thumb  IS  sumcienily  accurate  for  purposes  of  industrial  freezers  design.  The  accuracy  of 
dlls  rule  of  thumb  deteriorates  in  cases  involving  higher  latent  loads 
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1711!  imalyiical  model  developed  in  ihis  study  Indicated  dial  the  duration  of  (he  hot- 
gas  defrosting  process  will  decrease  with  increasing  the  defrost  heal  input  flux,  increasing 
the  lube  diameter,  and  decreasing  the  initial  frost  Ihickness.  Tbe  model  also  showed  the 
frost  thickness  to  decrease  faster  as  the  defrost  heat  input  flux  increases,  the  tube  diameter 
increases,  and  as  the  initial  frost  tbickness  decreases. 


Results  of  (his  project  have  brought  about  several  itnporuni  mallets  that  deserve 
funher  extensive  investigations.  The  refrigeraiion/defTosi  system  built  for  Ihis  phase  of  the 
projeci  is  capable  of  handling  these  investigations  with  minor  modincaiions  lo  (be  system. 
These  investigations  shouid  provide  the  refrigeration  indusuy  with  an  extensive  body  of 
original  dala  pertaining  to  the  heal  loads  associated  with  hot-gas  defrosting  of  freeaer  coils 


ig  of  ihe  psychrometiits  of  freezer  ait<ooling 


processes  under  frosting  conditions. 

Future  investigations  should  focus  on  providing  a clear  imderstandiug  of  the  role 
played  by  the  moisture  escaped  during  coQ  defrosting  inside  the  freezer  nod  Ihe  laient  load 
associated  with  it.  It  is  believed  that  the  lack  of  infoimation  regarding  Ihe  amount  of  this 
latent  toad  and  the  associated  increase  in  the  rale  of  frosl  formaiion  during  the  FCU-T 
refrigeration  segment  of  the  refrigeration/defrost  cycle  is  a major  reason  why  the  present 
pracuces  of  refrigeration  load  calculaUons  sometimes  give  unsatisfactory  results  when 
used  by  the  indusuy.  Future  needed  invesugaiions  are  described  below. 

I-  Tests  perfoimed  in  this  projeci  were  intended  todctetmincthe  heat  loads  due  loeoii 
defrosting  using  the  hot-gas  method  for  a fan-coil  unit  having  a face  velocity  of  750 
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feet  per  minuic.  Tests  were  perfonDcd  for  a tan-coil  unit  with  eniering  air  dry  bulb 
temperatures  (EAT)  of  -8*F  and  -13*F  at  several  load  sensible  beat  ratios.  One 
possible  invesiigaiion  is  to  repeal  these  tesis  for  several  otber  face  velocities:  250. 
500,  750,  1000.  1250.  and  1500  feet  per  minnic.  This  should  provide  insigbr  inw 
the  effecis  the  fan-coil  unit  face  velocity  would  have  on  the  coil  dcfrosiing  loads. 
Another  possible  invesii|ation  is  to  repeat  the  above  0iem  1 ) while  setting  the 
defrost  initialion  to  the  followiit|thicbirases:0.079”,  O.llT'.O.UT'.O.lde-and 
0.165".  This  is  believed  to  provide  insight  in  choosing  the  opdntum  defrost 
initiation  conditions  that  inmiraire  the  latent  load  during  the  defrosting  process. 

A third  possible  invesUgaiion  is  to  repeat  the  above  (Items  1 and  2)  for  fan-coil  luiiis 
of  8.  10  and  12rows,  asthis  is  polentiallv  capable  of  providing  a large  twiy  nfii«ia 
which  can  be  used  for  selecting  the  best  conditions  for  a specific  coil  design  from  a 
defrosting  load  point  of  view. 

In  this  project,  termination  of  the  defrosting  processes  (eJecuic  and  hot-gas)  was 
based  on  visual  observations.  Defrosting  in  both  cases  was  tctminaied  when  the 
frost  has  teen  physically  removed  and  the  tubes  have  been  dried  out  An 
mvesdgalion  of  the  above  three  items  while  keeping  electric  defrosting  terminated 
by  visual  observaiions  and  specifying  a duration  time  for  ihe  hot-gas  defrosting 

mode  should  provide  insight  Into  the  best  way  to  lerrainate  hot-gas  defrostiog.  This 
Wi  of  inve.siigation  can  be  performed  for  hoi-gas  defrosting  durations  of  5, 10. 15. 
20,  25.  30.  35.  40.  and  45  minutes.  The  defrosting  efficiency  (ilp)  should  be 
compuied  in  oil  coses  tested. 


$■  'Hie  tclaiionship  amon|  ihe  liieiu  load  inside  ihe  freezer,  die  frost  ihicicness.  (he  fan- 
coiJ  uni(  enieting  air  dry  bulb  temperauue  (EAT),  lime,  and  (he  loadsensible  heat 
ratio  duhng  the  fan^coil  unit  refhgeraiiaii  mode  should  also  be  investigated.  Hiis 
should  provide  an  insight  into  the  frosiiiig  processes  and  can  produce  conelations 
among  the  afoiememioned  vaiiables.  TTm  system  built  in  this  projecl  is  capable  of 
handling  diis  type  of  investigation  as  the  latent  load  can  be  provided  by  the  waler- 

6-  An  investigation  of  the  air  movement  around  liquid  overfeed  fan-coil  units  during 
hot-gas  defrosting  is  needed  as  this  is  believed  to  provide  a beuer  undersianding  of 
moisture  movement  in  the  freezer  during  hot-gas  defrosting. 

While  resolving  the  above  issues  is  of  major  importance  in  order  to  be  able  to 
properly  quantify  the  beat  loads  associaied  with  coil  defrosting  using  the  hot-gas  method. 
It  is  important  to  emphasize  that  these  issues  cannot  be  all  addressed  in  one  reseeich 
projecL  The  author  thus  believes  that  these  proposed  investigations  should  be  priontized 
in  accordance  with  their  relevance  to  the  issues  facing  the  refrigeration  indusiry  today. 


APPENDIX  A 

DESCRIPTION  OF  THE  CONDENSING  UNIT 


A scheraaiic  describing  ihc  sysicm  layout  of  the  condensing  unit  can  be  seen  in 
Figure  A.1,  while  a sununary  desaipiion  of  associaied  auailiaries  can  be  seen  in  Table 
A.1.  The  unil  is  equipped  with  a high  efficiency  (Crack  condenser  (model  A),  with  a coil 
of  staggered  copper  tubes  arranged  in  three  rows,  in  order  to  provide  a large  heat  transfer 
area,  where  the  tubes  have  3/h"  outside  diarneler.  The  refrigcrani  in  (be  condenser  coil  is 
air-cooled  by  ihree  fans  installed  on  Ihe  top  of  the  condenser.  Each  fan  has  a diameter  of 

24"  and  a speed  of  1140  RPM  and  is  operated  by  a l/^hp  Franklin  motor  (Krack  1992b), 

The  system  shown  in  Figure  A.1  was  modified  by  incorporating  twoSporlan 
crankcase  pressure  regulating  valves  (model  numbers  CRO- 10-0/60  and  CROT- 10-0/60). 
connected  in  parallel  on  the  suction  line  downstream  of  the  suction  accuraulstor  (Items  3 
nnd4inFigmeA,l),  The  two  valves  are  hermetic  (Sporlan  1989)  and  are  ideniicalejicept 
for  the  fact  that  one  of  them  (item  4)  has  a pressure  tap  on  its  inlet  side,  A crankcase 
pressure  regulating  valve  is  sensitive  only  to  its  outlet  pressure  (also  called  compressor 
crankcase  or  suction  pressure).  The  valve  IhrouJes  to  open  as  its  ouUet  pressure  drops 
lelow  a preset  maximum  crankcase  pressure  vaiue,  and  throttles  to  close  as  its  outlet 
pressure  rises  toward  the  preset  value.  The  valve  will  be  fully  closed  when  ihe  outiei 
pressure  Is  equal  to  or  higher  than  the  preset  maximum  crankcase  pressure  value  (Sporlan 


I 


312 


g 

1 

Replaceable  Suciion  Hler  1 

s 

ij 

i 

1 

Ls 

S|i 

Condenser  1 

Head  Pressure  Control  Valve  • 1 1 

Uqutd  Receiver  1 

Replaceable  Core  Filler-Drier  1 

1 

Head  Pressure  Control  Valve  * 2 I 

s 

1 

1 

s 

Ball  Valve  1 

Sealed  Filler-Drier 

Inieciion  Solenoid  Valve  1 

1 

s 

2 

S 

1 
aS 
s “ 

H 

iii 

ORI-6-65/225-H  I 

i 

C-967-M-0  1 

< 

1 

So 

I 

386W-8ST  1 

1 

H23TR  1 

j ManufacUirer 

ISPORLAN 

iREFRlORRATIONRESFARrH  1 
1 SPORLAN 

L 

1 KRACK  1 

1 

1 

i 

SPORLAN  1 

SPORLAN  1 

SPORLAN  1 

ALCO  i 

SUPERIOR  1 

SPORLAN  1 

1 

1 

i 

- 

- 

- 

2 

= 

313 

1994a).  Therafote. iis funciion is nouo hcpld a consiam crankcase  pressure, butlo limil a 
maMmum  crankcase  pressure  from  oceutring  (Tomczyk  1996a). 

Each  of  the  two  crankcase  pressure  regulaiing  valves  is  employed  with  an  inlei 
suainer  and  eachhasapressurcadjusiingspring  mptesetamaximumctankcase  pressure 
value,  where  the  pressure  adjnsiraeni  ranges  from  0 10  60  psig-  Since  during  and  after  ihe 
defrosting  mode  and  also  after  a normai  shul  down  period  the  evaporator  pressure  will  be 
high,  it  was  found  necessary  to  modify  the  system  in  order  lo  protect  ihc  compressor 
motor  from  overioading  by  limiUng  the  sucUon  pressure  (Sporlan  1994a),  This  acUon  also 
contributes  to  relieving  the  excessive  stress  on  the  compressor  tTomczyk  1996a),  These 
valves  were  set  at  30  psig  which  helped  control  the  amperage  on  the  compressor  motor. 

The  Krack  bquid  receiver  (modelnumberEl50732)h&salargestoragecapacity 
capable  of  storing  up  to  192  pounds  of  R-22  (Hera  9 in  Rgure  A-1),  where  the  receiver 
length  is  72"  and  its  outside  diameter  is  10-3/4"  (Krack  1992b),  This  receiver  is  a Bow- 
thru  type  receiver  in  which  the  lit|uid  refrigerant  enters  and  leaves  from  laogeoUa] 
connections  located  at  its  bottom.  This  feature  in  the  receiver  will  allow  liquid  subeooling 
to  be  mauitaincd  (Krack  1992a).  The  sucUon  accumubtor  (Hem  2 in  Rgure  A.l)is 
manufactured  by  RefrigeraUon  Research,  Inc.  (model  number  3639)  and  its  function  is  to 
proiect  the  compressor  from  any  sudden  return  of  liquid  refrigeranu  where  the  latter  is 
held  inside  the  sucUon  acciunulaior,  and  is  then  meiered  buck  to  the  compressor  through  a 
metering  orifice.  ThesucUonaccumuiatorhasaheighlof  20"  and  an  outside  diameter  of 
8-5/8"  (Refrigeradon  Research  1996). 

An  oil  separator  (Item  S in  Rgoie  A. I)  manufactured  by  AC&R  (model  numterS- 
5690)  is  located  in  the  condensing  imit  downstream  of  the  compressor.  This  oil  separator 
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has  a height  of  15-5/8"  and  an  outside  diameier  of  6“.  while  the  inlet  and  outlet  refrigerant 
connccUons  are  employed  with  fine  mesh  screens  (AC4R  2-025-001).  AnACiRhcal 
band  (model  number  S9112)  isfised  within  1-1/2"  from  the  bouomuftheoUseparator. 
Hiis  heat  band  is  six  inches  in  diametcf  and  works  at  50  Watts  and  220  Volts.  It  wiU  be  in 
operation  at  all  times  whether  the  system  is  in  operation  ornot,  in  order  to  prevent  the 
refrigerant  gas  from  migrating  and  condensing  inside  the  oil  separator  (AC&R  2-025-012). 

A nottnally<losed  solenoid  valve  manufactured  by  Alco  Controls  (model  number 
202CB-1/8B-1/16T)  is  located  on  the  oil  return  bne  between  the  oil  separator  and  the 
compressor  crankcase  litem  13  in  Figure  A.1).  This  is  a direct  acting  two-way  valve  that 
is  to  be  energiaed  by  the  compressor  oil  level  float  switch  when  the  crankcase  mi  level 
drops.  This  will  cause  the  oil  to  flow  from  the  ml  separator  into  the  compressor 
crankcase. 


The  condensing  unit  is  employed  with  two  Sporlan  head  pressure  control  valves 
(model  numbers  OR1-6-65/225-H  and  ORD-4-20)  which  will  mainiain  a constant  recsiwt 
pressure  in  order  for  the  unit  to  operate  reliabiyunderdifferentanibicmteraperatures 
(Items  8 and  12  in  Figure  A.1).  The  two  vaJvesarehermelic  (Sporian  1990a)  and  are 
equipped  with  inlet  strainers,  whUe  only  one  of  them  atera  8)  Is  an  adjustable  control 
valve  (Sporian  1986).  The  latter  valve  is  sensitive  only  lo  its  inlel  pressure  (condenser 
pressure)  and  Is  located  between  the  condenser  and  the  receiver.  This  valve  throules  lo 
close  as  its  inlet  pressure  drops  toward  a preset  minimum  receiver  pressure  value,  and 
throttles  to  open  as  its  inlet  pressure  risesabove  the  preset  value.  It  will  be  fully  closed 
when  the  condenser  pressure  is  equal  to  or  iower  than  the  preset  minimum  receiver 
pressure  value.  The  adjustable  conirol  valve  has  a pressure  adjusting  spring  to  preset  a 
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mininiiun  receiver  prejrsurc  value,  whcrcihe  prcasureadjusunemmngesfrom  65  to  235 
psig  (Sporlan  1936). 

The  other  head  pressure  conlral  valve  llicm  12  in  Figure  A.Diaanon-adJustable 
control  valve  that  is  located  in  a hot-gas  line  bypassing  the  condenser  and  extending  imo 
the  receiver.  This  control  valve  Is  sensitive  to  the  pressure  differential  across  it  (tbe 
difference  in  pressure  berween  the  condenser  and  the  receiver).  The  inaoufactuter 
differential  pressure  setting  for  this  valve  Is  20  psi.  where  the  valve  starts  throtding  to 
open  at  this  value  and  will  be  fully  open  when  the  dineiemial  pressure  reaches  30  pa 
(Sporlan  1966).  When  the  adjustable  head  pressure  control  valve  restricts  the  flow  of 
liquid  refrigerant  from  the  condenser  to  the  receiver,  a pressure  differential  is  created 
across  the  adjustable  valve,  ahd  when  this  difTercmial  pressure  reaches  20  psi.  the  non- 
adjustable  head  pressure  control  valve  starts  to  open  and  bypasses  hot-gas  to  the  receiver. 
Since  tbe  refrigeration  system  utilizes  hot-gas  for  coil  defrosting  and  for  compressor 
c^tociiy  control,  it  is  important  for  the  condensing  unit  u have  a good  head  pressure  to 


In  order  to  protect  the  condensing  unit  lines  and  auxiliahes  irom  din,  moisture, 
acids,  sludges  and  varnish,  the  unit  is  employed  with  Sporian  replaceable  suction  filter 
(model  number  RSF-4SI7-T),  Sporlan  sealed  filter-drier  (model  number  C-163-S), 
Sporlan  replaceable  core  Prpe  filter-drier  (model  number  C-967-M-G).  and  Sporlan 
moisture  and  liquid  indicator  (model  number  SA-17S).  These  components  serve  as  a 
guarding  mechanism  to  the  refrigeration  system. 

The  Copeland  compressor  (model  number  4DL3-1500-TSK)  represents  the  bean 


the  condensing  unit  (Item  5 in  Figur 
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cylinders.  The  compressor  is  employed  with  overload  proiecuon,  suction  uid  discharge 
service  valves,  a miinuBl  reset  oil  pressure  safety  switch,  and  htgh/low  pressure  control 
(Krack  1992a:  1992b).  The  compressor  cnmkca.se  includes  an  oil  level  sight  glass  and  a 
Copeland  crankcase  hearer  (model  number  318-0002-02)  that  works  al  100  Watts  and  240 
Volts,  This  heater  serves  to  prevent  the  refrigerant  from  condensing  inside  the  crankcase. 

The  Parker  injection  solenoid  valve  (model  number  H23HI)  insuUed  on  the 
refrigerant  injecdon  line  (Item  16  in  Rgure  A.1)  is  part  of  a demand  cooling  system 
employed  by  Copeland  on  all  their  comprcs.sors  using  R-502  in  order  for  these 
compressors  to  be  able  to  operate  using  R-22,  as  an  aliemalive  lo  R-302.  for  low 
teraperawre  appUcations  (Copeland  1990a;  1990b).  The  demand  cooling  system  was 
employed  considering  the  fact  that  R-S02  is  being  phased  oui  due  to  its  high  ozone 
depletion  potential  (ODP),  and  the  fact  ihat  R-22  can  create  some  problems  in  low 
temperature  appUcaUons,  where  under  some  condidons.  the  temperature  of  R-22  at  Uie 
internal  discharge  of  the  compressor  exceeds  the  safe  temperature  limit  reqitired  for  the 
stability  of  the  refiigeraiion  oil  (Copeland  1990b).  A Superior  ball  valve  (model  number 
586W-8ST)  is  locaied  on  the  refrigeration  injecdon  line  upstream  of  the  injection  solenoid 
valve.  This  valve  (Item  14  in  Rgure  A.1)  is  used  to  adjusnhe  amount  of  the  liquid 
refrigerant  required  by  the  demand  cooling  system. 

The  demand  cooling  system  diagram  is  shown  in  Figure  A.2,  where  it  consists  of  a 
control  module,  a temperature  sensor  and  an  injecdon  solenoid  valve.  The  leraperanjre 
sensor  senses  the  internal  discharge  temperauire  of  the  compressor  and  sends  an  input 
signal  to  the conuol  module.  Thecontrol  raodulecbecksthi.sinputsignaJandcomparesii 
to  a preset  internal  discharge  cridcal  temperature  (292°F).  If  die  input  signal  is  found  to 


be  higher  ihan  ihc  preeei  critical  lemperaiute  (292’F),  the  control  modtile  will  seod  an 
output  sgoal  to  energize  the  injection  solenoid  valve  to  open  and  meter  the  (low  o( 
te(rigerani  from  the  receiver  lo  the  suction  cavity  of  the  compressor  in  order  to  cool  the 
suction  gas.  This  injection  piocess  will  condnue  until  the  internal  discharge  temperattue 
of  the  compressor  reaches  (282*F1,  at  which  point  the  control  module  sends  an  output 
signal  to  de-eneijizr  the  injection  solenoid  valve.  The  control  module  has  another 
function  to  perform  if  theinputslgnalfrom  theicmperaiutEsensorisfoundtohehlgber 
than  a preset  maximum  temperature  (310*F).  The  control  module  will  energize  its 
ntHtnaliy  closed  alarm  relay  contact  and  turns  the  corapressoroff,  where  the  relay  can  be 
reset  manually  (Copeland  1990a:  1990b). 


APPENDIX  B 

DESCRIPTION  OF  TPIE  PIPING  SYSTEM 

"Die  layout  of  the  piping  system  is  described  here  with  reference  to  Figure  2, 10  and 
Table  2.1  in  Chapter  2.  When  the  refri|erauon/defrost  system  is  in  operation,  the  bquid 
refrigerant  flow?  from  the  condensini  unit  receiver  into  the  l-l/8"ODntainliqtndline 
through  the  main  liquid  linesolenoid  valve  (Item  18  in  Figure  2.10).  This  Sporian  valve 
(model  number  MB23S2)  is  a norniilly-closed  solenoid  valve  that  is  energized  to  open  for 
the  liqiiid  refrigerant  to  flow  into  the  piping  system.  'nUs  valve  plays  a major  role  in  ibe 
control  of  ihe  system  pump  down  process,  during  which  time  the  valve  is  de-energized  to 
close  such  that  the  system  refrigerant  is  pumped  into  ihe  receiver,  ntis  process  is 
important  since  it  will  prevent  high  suction  pressure  during  sy.stem  startup  which  in  turn 
will  prevent  overloading  the  compressor  motor. 

The  liquid  refrigerant  then  flows  through  a schradcr  valve,  a full-view  flow  meter 
and  Ihe  suigedrum  liquid  level  control  vaJve(Iiems48.28and  14,  te^wciively.inFigure 
2.10)  before  entering  the  surge  drum.  The  surge  drum  Is  a pressure  vessel  that  serves  as 
liquid  relrigerani  storage  and  as  a liquid-vapor  separator  (Stoecker  1 988).  Theschtader 
valve  is  used  as  a gage  port  to  read  the  preasure  of  the  main  liquid  line,  and  is  also  used  to 
charge  and  di.schaige  refrigerant  from  the  system  (Pita  1991;  WWiman  and  Johnson  1991). 

The  indicating  iypefull-vtewflowmeier(item28  in  Fi|ure2.10)ismanufaciured 
by  Brooks  Insoumeni  (model  number  1 1 14a36CSAAA)  and  has  a meiai  reading  scale 
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I millinieier  in  length  and  is  e^iecially 
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with  a range  of  0.13  tol.3gpm.  This  scale  is  230 
calibcaied  for  liquid  cefrigenini  R-22.  The  fuU-view  flow  meier  is  designed  to  operaie  for 
pressures  and  lempctaiurts  up  lo  300  psig  and  250'F.  respectively  (Brooks  IWl).  The 
(uU-view  flow  meter  was  helpful  in  this  research  by  being  able  to  identify  the  condition  of 
the  reftigenni  coining  from  the  condensing  unit  receiver. 

The  surge  drum  liquid  level  control  valve  litem  14  in  Figure  2.10)isnianuractured 
by  Sporian  valve  company (modelnumberLMC-PVE-5-l/2)andisusedlomaintaintbe 
liquid  level  inside  the  surge  drum  at  the  desired  static  level,  where  the  valve  is  employed 
with  an  adjusting  stem  and  spring  assembly  for  that  purpose  (Sportan  1990b).  This 
control  valve  is  a standard  Sporlan  thermosuuic  expansion  valve  (lype-P)  whicb  b 
employed  with  a Level  Master  Control  (LMC)  element  The  latter  is  aninseniype 
sensing  bulb  incorporating  a low  wattage  heater.  The  insert  sensing  bulb  has  a volatile 
fluid  within  it,  called  a iheimosiaiic  charge,  which  is  responsive  to  the  estemal  heal 
appbed  on  the  inseit  sensing  bulb.  Thehcaler  oflhe  LMCelemenioperatesai  120  Volls 
and  has  a power  of  15  Watts  (Sporliin  1990b).  The  control  valve  is  an  emernally 
equalized  valve  (Sporian  1981)  where  a 3/S''OD  copper  external  equallsr  connects  the 
valve  to  the  suction  line  as  shown  in  Figure  2.10. 

The  operating  mechanism  of  the  surge  dram  liquid  level  conirol  valve  is  based  on 
three  forces  associated  with  three  pressures  acting  on  the  vaive's  diaphragm.  Thcspnng 
and  equalizer  pressures  aci  undcmeaih  the  diaphragm  in  order  to  close  the  valve.  The 
spring  pressure  is  ihc  adjusiable  pressure  by  the  stem  and  spring  assembly,  while  the 
equalizer  pressure  is  the  .suction  pressure.  The  third  acting  pressure  is  the  insert  bulb 
pressure  acting  on  the  top  of  the  diaphragm  in  order  to  qien  the  valve,  where  this  pressure 
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is  a funciion  of  ihc  ihcrmosaiic  charge  lEmpefature.  When  ihe  vaJve  is  in  operaiion,  Uie 
opening  pressure  musi  equal  the  dosing  pressure  in  order  to  mainiain  ihe  liquid  level 
inside  Uiesurge  drum  01  the  desired  suiic  level  (Sporlan  l9P0b:  1993b). 

The  insert  sensing  bulb  is  insiallcd  iiuidc  the  surge  drum  atibe  posiiion  of  (he 
desired  suiic  liquid  level,  and  is  connecied  to  Ihe  valve  by  a 10-fooisiandard  capillary 
lube  of  1/8”0D.  When  the  liquid  level  al  ihe  insen  sensing  bulb  drops,  die  heat  provided 
by  Lbe  healer  increases  ihe  themiostaiic  charge  piessure  wiihln  die  bulb  which  causes  die 
valve  10  open  and  the  bquid  refrigeiani  to  flow  Inside  die  surge  drum  in  order  lo  fill  die 
laaer  lo  the  desired  sude  liquid  level  again.  On  die  other  hand,  when  the  liquid  level  at 
the  insen  sensing  bulb  rises,  die  heal  provided  by  die  beaier  is  balanced  by  die  transfer  of 
heal  from  the  bulb  lo  the  liquid  refrigerant  which  decreases  the  theimosladc  charge 
piessure  and  causes  die  valve  either  to  modulate  or  shuts  off  depending  on  how  high  Ihe 
rise  of  die  liquid  level  was.  The  healer  must  be  on  as  long  as  die  system  is  in  operaiion 
and  nuned  off  odierwise  since  ibis  will  prolong  die  life  of  (be  ihermosiadc  switch 
employed  with  the  hcaiet  assembly.  This  switch  proiecls  die  LMC  eleroeni  againsi 
excessive  heal  (Sporlan  1990b). 

The  surge  drum  liquid  level  control  valve  is  employed  with  a permanent  coarse 
mesh  strainer  disc  in  its  inlei  connection  (Sporlan  1981).  Tluj  sirainer  is  useful  in 
proictUng  lbe  valve  by  preventing  scale  panicles,  solder  and  other  iine  obstacles  from 
entering  die  valve,  otherwise,  these  panicles  will  damage  die  valve  by  affecting  its 
modulaiing  abiliiy  (Sporian  1990c). 

A Vilcing  liquid  rafrigerani  pump  (model  number  SO-40S50)  is  used  lo  pump 
liquid  refrigerant  from  the  surge  drum  to  any  of  die  two  fan^ioil  units  when  ihat  unit  is 
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operalinj  uniJer  Uie  refrijemion  mode.  The  liquid  refrigcram  flows  in  a 7/8"OD  copper 
lube  and  passes  ihrou|b  Uie  surge  drum  liquid  line  isolation  valve,  ihe  bquid  relhgeram 
pump,  a mrbinc  How  meier  and  a shui-ofr  valve  (Items  39,  32.  30  and  SO.  respectively,  In 
Figure  2.10)  before  branching  lo  the  fan-coil  unit  which  is  operaling  under  the 
refrigeration  mode.  The  Superior  surge  dnim  liquid  line  isolation  valve  (model  number 
387WA-I4ST)  is  a ball  valve  (Item  39)  used  lo  isolate  the  surge  drum  when  service  and 
mainienancc  ace  needed  for  the  piping  system.  It  is  also  used  lo  adjust  the  flow  uf  the 
liquid  reftrgeranL 

The  liquid  refrigerant  pump  (liem  32)  has  a bypass  line  with  a Superior  hand 
operated  throttling  valve  (model  number  253A-8S)  that  is  used  to  adjusi  the  Ujuid 
refrigeiaju  flow  rale  ihrougb  the  liquid  pump  and  to  protect  Ihc  liquid  pump  motor  from 
oveiioading  (Item  47  in  figure  2.10).  Theshui-offvalvcfliemSWismanufacDiredby 
Pariter  Hannifln  Corporation  (model  number  (3L171R-14-14),  and  is  used  to  isolate  the 
main  liquid  refrigciant  line  from  the  liquid  line  branches  of  the  two  fan-cthl  units  when 
service  and  mainlenance  are  needed.  The  shut-off  valve  has  a service  pon  that  is  designed 
for  Schrader  type  ports  to  be  used  to  charge  and  discharge  tefrigeramfrom  Uie  system. 

The  mibine  flow  meter  fliem  30)  is  manufactured  by  Signet  ScienUfic  Company 
(model  number  MK-323)  and  is  used  to  measure  the  mass  flow  rate  of  the  liquid 
tcfrigeiam.  Its  flow  sensor  is  a paddlewheci  iransducer  that  is  interfaced  wilh  a compuier 
lo  read  and  store  the  iransducer  output.  The  flow  meter  is  also  equipped  wilh  a Signet 
analog  flow  meter  (model  number  MK-384).  The  paddlewheci  transducer  is  mounted  on  a 
mini-tap  fining  consirucied  in  house.  This  mini-tap  fitting  is  welded  lo  die  lx)uld 
lefrigeram  pipe,  where  ihe  paddlewhesl  is  housed. 
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After  passing  ihe  sbul-ofT  valve,  the  lk)uid  lefngerani  will  flow  ihiough  ihe  liquid 
lefrigerant  branch  of  the  fan'Coil  unit  that  is  operating  under  the  rcfrigeraiion  mode.  ITlbc 
FCU-T  is  operating  under  the  rafrigerMion  mode,  then  the  FCU-T  bquid  line  solenoid 
valve  (Item  2 in  R|un;2.10)isenetgi2edioopcniillowingthe  hquidrefrigerantiodow 
and  pass  through  the  FCU-T  liquid  line  check  valve  and  a hand  operated  throoling  valve 
niems  25and3,iB8peaively.inR|urt2.I0).  The  liquid  refrigerant  then  enters  the  FCU- 
T and  leaves  as  wet  reltim.  where  then,  thelatternowsina  l-l/8''ODcopperlubeand 
passes  through  the  FCU-T  wet  return  stop  solenoid  valve,  which  is  a normally-opened 
,solenoid  valve,  and  the  FCU-T  wet  letum  check  valve  (Items  IS  and  19.  respectively,  in 
Ftgttie2,I0l  before  it  connects  to  the  l-3/S'’OD  main  wet  rettim  line. 

During  this  re&igeradoo  mode  of  the  FCU-T,  the  FCU-A  Uquid  line  solenoid  valve 
(Item  d in  Figure  2,10|  is  de-energized  to  close  since  nt  that  time  the  FCU-A  is  eiiter 
unloaded  or  operating  under  the  electric  defrosting  mode.  This  de-energizing  process  of 
the  FCU-A  liquid  line  solenoid  valve  (Item  4)  is  important  to  prevent  the  liquid  refrigerant 
Irom  entering  the  FCU-A  and  also  to  allow  the  liquid  refrigerant  to  flow  front  the  main 
liquid  refrigerant  line  into  the  liquid  refrigerant  branch  to  FCU-T, 


When  the  FCU-A  is  operating  under  the  refrigeration  mode,  the  FCU-A  liquid  line 
solenoid  vaive  (Item  4 in  Figure  2, 10|  is  energized  to  open  aUowing  the  liquid  refrigerant 
to  flow  and  pass  through  the  FCU-A  liquid  line  check  valve  and  a hand  operated  throlUing 
valve  aiems  1 and  5,  respectively,  in  Rgure  2,10),  The  liquid  refrigerant  then  entera  the 
FCU-A  and  leaves  asweiremrn.whereihen.lhBlatterllowsina  i-l«"ODcoppertube 


through  FCU-A  wet  I 


5.  as  well  as  the  FCU-A  wet  i 


solenoid  valve,  which  is  a normally-opened  valve  (items  26  and  38.  feapeciively,  in  Figure 
2. 10).  before  it  connects  to  the  I-3/8"OD  main  wet  return  line. 

During  this  refrigetaiion  mode  of  the  FCU-A.  the  FCU-T  liquid  line  solenoid  valve 
(item  2 in  Figure  2.10)  is  de-energized  to  close  since  at  that  insiani  the  FCU-T  is  either 
unloaded  or  operating  under  the  hot-gas  defrosting  mode.  This  de-energizing  process  of 
ihe  FCU-T  liquid  line  solenoid  valve  (item  2)  is  imponani  to  prevent  the  liquid  rcfrigetani 
from  enienng  the  FCU-T  and  also  to  allow  the  liquid  refrigerant  to  How  from  the  main 
liquid  refrigerant  line  into  the  liquid  refrigerant  branch  to  the  FCU-A. 

The  FCU-T  liquid  line  solenoid  valve  is  identical  to  the  FCU-A  liquid  line  sofcnoid 
valve  (Items  2 and  d.respeciively,  in  Figure  2.10)  and  are  both  manufactured  by  SporUn 
Valve  Cranpany  (model  number  E19S270).  They  are  normally-closed  solenoid  valves. 
Each  of  the  two  valves  is  energized  to  open  when  ils  fan-coU  unit  is  operating  under  the 
refrigeration  mode,  and  de-energized  to  close  when  its  fan-coil  unit  is  luiJoaded  or 
operaiing  under  Ihe  defrosting  mode. 

The  FCU-T  liquid  line  check  valve  is  Identical  lo  the  FCU-A  liquid  line  check  valve 
(Iiems  25  and  1,  respectively,  in  Rgure  2,l0)andaremantifacuired  by  Superior  valve 
company  (model  numberg05C-14S).  These  check  valves  are  used  io  ihe  system  in  order 
10  prevent  backflow  of  refrigerant  to  the  main  liquid  mfrigcrani  line.  The  two  hand 
operaled  throttling  valves  (Items  3 and  5 in  Figure  2.10)  are  also  idenUcal,  and  ate 
manufacuired  by  Superior  valve  company  (model  niimbet257B-l4S).  Eachofthetwo 
valves  is  used  to  adjust  the  flow  of  the  liquid  refrigerant  into  the  fan-coil  unit  it  serves  in 
Older  to  have  a proper  overfeed  recirculation  in  the  respective  fan-coiJ  unit. 
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The  FCU-T  wei  reiuin  slop  solenoid  valve  is  idemical  lo  that  of  ihe  FCU-A  (Iieiiis 
15  and  38.  lespecdvely.  in  Figure  2.10)  end  are  boih  inanufacnired  by  Sporlan  Valve 
Company  (model  numbcrOE34S290).  They  are  normally.opened  solenoid  valves.  E&:h 
of  the  iwo  valves  is  energized  to  close  when  its  fan'Coii  unii  is  operoUng  under  ihe 
defrosting  mode,  and  de-energized  loopen  when  its  fan-coil  unii  is  unloaded  or  operating 
under  the  refrigeration  mode.  The  FCU-T  wetreumchedt  valve  is  identical  to  that  of  the 
FCU-A  (Items  19  and  26.  respectively,  in  Rgure  2.10)  and  are  manufactured  by  Superior 
valve  company  (model  numbcr806C-llS).  These  valves  are  used  In  the  system  in  order 
to  prevent  backflow  of  wet  return  to  the  fan-coil  unlis. 

The  rcfrigeiBiion  mode  of  the  FCU-A  is  terminated  by  de-energizing  the  FCU-A 
liquid  line  solenoid  valve  to  close  and  also  energizing  the  FCU-A  wetrenirn  stop  solenoid 
valve  to  close  (Itemsdand  38, respectively, in  FigurellO).  After  closing  the  valves,  the 
electric  defrosting  mode  of  the  PCU-A  is  initiated  which  increases  the  pressure  and 
temperature  of  the  refrigerant  inside  the  FCU-A  finned  tubes.  This  increase  in  pressure 
will  force  the  heated  refrigerant  to  leave  the  FCU-A  and  flow  through  the  FCU-A  wet 
return  cheek  valve  and  the  FCU-A  heated  refrigerant  strainer  (Items  26  and  37. 
respeedvely.  in  Figure  Z 10). 

The  heated  refrigerant  will  not  be  able  to  flow  Uirough  the  FCU-A  heated 
refrigerant  pressure  regulator  Oumi  36  in  Figure  2.10)  unless  the  pressure  of  the  beaied 
rcfngBram  reaches  70  psig.  This  is  an  inlet  pressure  regulaior  which  has  a preset  inkt 
pressure  value  ofTOpsig.  The  heated  refrigeram  pressure  regulator  starts  to  open  at  that 
pressure  value  and  modulates  the  heated  refrigerant  flow  to  the  l-3/8’'ODmain  wetrenim 
line.  The  FCU-A  heated  refrigerant  pressure  regulator  closes  when 


i the  pressure  of  the 
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healed  refrigerant  ai  iu inleidrops  below  70  psig-  Thii pressurizing  process  is  needed  id 
hold  the  heated  refrigerani  inside  Ihc  FCU-A  finned  lubes  for  a suitable  period  of  tune  in 
order  lo  confirm  and  speed  the  removaj  of  ail  the  frost  accumulated  on  the  finned  tubes 
and  aiso  to  dry  out  the  finned  tubes. 

The  FCU-A  healed  refrigerani  pressure  ragulntnr  and  strainer  (Items  36  and  37, 
respectively,  in  Figure  110)  are  manufactured  by  Refrigerating  Speciaities  Division  of  the 
Pariter  Hannifin  Corporation  (modei  numbers  A4AK  and  RSF-SlZE-l".rBspectivBiy). 
The  strainer  is  ciose  coupled  with  the  pressure  regulausr,  and  has  a 60  mesh  stainless  steel 

screen  capoble  of  collecting  very  small  particles  of  diameter  sizes  up  to  sin  thousands  of  an 

inch.  This  sirainer  is  used  in  the  system  to  protect  the  pressure  regulator  from  dirt  and 
foreign  materials  which  might  damage  the  pressure  reguiaior.  The  strainer  is  designed  to 
operaic  at  pressures  up  lo  300  psig  and  has  a 3/8"  FPT  drain  connection  to  be  used  for 
refrigerani  draining  when  strainer  maintenance  is  needed  (Refrigerating  Spedaiiies  1991a). 

TTie  FCU-A  healed  refrigerani  pressure  regulator  (item  36  in  Figure  2, 10)  is  a 
heavy  duty,  pilot  operated  inlet  pressure  regulator  with  a size  3/4"  port.  Hie  regulaior  has 
an  iron  aUoy  body  with  stainless  steel  diaphragm  and  a chrome  placed  piloi  seau  This 
reguJaior  is  designed  lo  operaie  ai  pressures  up  lo  300  psig  and  a lemperalure  range  of  - 
50*F  10  220*F.  The  regulator  starts  to  open  on  the  rise  of  the  inlet  pressure  above  the 
preset  value  of  TOpsigandmodulate  iheflowoflhe  heated  refrigerani  such  ihallhe  inlel 
pressure  stays  consiani.  The  regulator  will  be  fully  open  when  the  pressure  drop  across 
the  regulator  reache.s  a value  of  2 psig.  The  preseivaliie  of  the  inlei  pressure  can  be 
adjusted  to  any  other  needed  valueintiie  range  of  0 to  ISOpsigby  rotating  iheadjusting 
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siem  of  the  inlci  pressure  regulator  to  the  new  desired  preset  pressure  value  (Refrigerating 
Specialdes  I99!b). 

The  refrigeration  mode  of  the  FCU-T  is  lenniniued  by  de-energUuig  the  FCU-T 
liquid  line  solenoid  valve  lo  close  and  also  energizing  the  FCU-T  wei  return  slop  solenoid 
valve  to  close  (Hems  2 and  IS.respeciively,  In  Figure  2,10).  After  ihe  elosing  of  these 
valves,  the  hot-gas  defrosting  mode  of  the  PCU-T  is  initiated  by  having  the  hot-gas  flow 
from  the  condensing  unit  in  a 3/4"OD  copper  tube  and  pass  through  the  main  hot-gas  line 
solenoid  valve  which  is  energized  to  open,  the  piercing  valve,  the  hot-gas  defrost  solenoid 
valve  which  is  energized  to  open,  a hand  operated  throttling  valve  and  the  hot-gas  otiBcc 
meter  (Items  7,  54. 31. 8 and  32.  respectively,  in  Figure  2.10)  before  entering  the  FCU-T 
drain  pan. 

Die  main  hol-gas  line  solenoid  valve  aiem  7inRguro2.10)ismanufaciuredby 
Sporlan  Valve  Company  (model  number  B10S2).  It  is  a normnlly-closed  solenoid  valve 
thai  is  energized  to  open  for  the  hot-gas  to  flow  into  the  hot-gas  bypass  line.  nUs  valve  is 
kept  energized  during  aU  the  re&igeiiUon/defrast  cycles  in  order  to  have  hot-ges  sir-rs  to 
the  hol-gas  bypass  line,  where  the  latter  and  the  componems  installed  on  it  play  an 

importam  role  in  Ihecompressorcapacity  controlsystemasdcscribedin  Section2.1.4.6. 
Diis  valve  plays  atnajortoleinihecomrolofthepumpdownproctss.aiwhichliinethe 

valve  is  de-energized  to  close  such  lhai  the  system  refrigeiam  is  pumped  into  the  receiver. 


Die  piercing  valve  (Hem  54  in  Figure  2.10)  is  manufactured  by  Waisco 
Componems.  Inc.  (model  number  WAT-Bl-lOS)  and  is  used  to  gain  access  lo  the  hot-gas 
line  in  order  to  charge  and  discharge  refngerani  from  the  system.  This  valve  is  also  used 
as  a gage  port  to  read  the  pressure  of  die  mnmho 


ol-gaslinefAlihouseeial.  1988).  Tbe 
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hol-ias  defrosi  solenoid  valve  deem  31  in  Fi|ure  2.10)  is  manufacaired  by  SporlinVaive 
Company  (model  number  MB19S2).  It  is  a normally-closed  valve  tliai  is  energised  to 
open  only  when  Die  FCU-T  is  operaiing  under  the  hoi-ga.s  defrosling  mode. 

The  hand  operated  throttling  valve  (Item  8 in  Figure  2.10)  is  manufactured  by 
Superior  valve  company  (model  number216-10SD  and  is  used  to  adjust  the  now  ot  the 
hot-gas  into  the  FCU-T-  The  hot-gas  crifnre  meter  (Item  32  in  Figure  2,10)  is 
manufactiired  in  house  (model  MDand  is  used  to  measure  the  mass  How  rale  of  the  hot- 


Afier  passing  the  hot-gas  orifice  meter,  the  hot-gas  enters  the  FCU-T  drain  pan 
and  flows  through  the  six  copper  tube  passes  atlhe  bouora  of  the  drain  pan  in  order  to 
remove  the  frost  accumulnied  in  Ibe  laner.  Tlie  hoi-gas  ihen  leaves  the  FCU-T  drain  pan 
and  passes  through  the  hot-gas  line  check  valve  diem  35  in  Rgure  2, 10)  on  its  way  to  the 
FCU-T  wet  reuim  line.  This  valve  is  manufactured  by  Waisco  Comporems,  Inc.,  (model 
number  MS-10)andhasacoK)erbody wiihabuillinstainlesssieelstrainer.  Thevalveis 
used  in  order  to  prevent  backflow  of  reOigerani  into  the  hot-gas  line  when  the  FCU-T  is 
unloaded  or  is  operating  underthe  refrigeration  mode.  The  hoi-gas  then  eniers  the  FCU- 
T again  ihrough  the  FCU-T  wei  realm  line,  since  this  is  a lop  hoi-gas  feed  fan-coil  uniu 
where  ihe  hot-gas  mixes  with  the  cold  refrigerant  inside  the  FCU-T  finned  tubes  and 
leaves  the  FCU-T  ihrough  the  FCU-T  hquid  line.  The  mixed  refrigerant  leaving  the  FCU- 
T will  be  called  here  -defrosi  retrigeram"  to  differennaie  it  from  the  "heated  refrigerant" 
menuoned  before  when  describing  the  electric  defrosting  mode  of  the  FCU-A. 

The  mixing  o(  the  hm-gas  with  the  cold  refrigerant  inside  the  FCU-T  finned  lubes 
will  increase  ihe  pressure  and  leraperanire  of  the  leaving  defrosi  refrigetani.  This  increase 
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in  pressure  will  force  the  leaving  defrost  lefhgcram  lo  flow  in  a 5/8"OD  copper  lube  and 
to  pass  through  the  defrost  refrigerant  solenoid  valve  (which  is  energized  toopen),  the 
defrost  refrigerant  Lsolaiion  valve,  and  the  rcU-T  defrost  refrigerant  strainer  (Iiema  6. 46 
and  24,  respectively,  in  Figure  2.10>.  The  defrost  refrigerant  solenoid  valve  is  ideniical  to 
the  main  hot-gas  line  solenoid  valve  (licms6and  7,  respectively,  in  Figure  2.10)  and  is 
only  energized  to  open  when  the  FCU-T  is  operating  under  the  hot-gas  defrosting  mode. 

The  FCU-T  defrost  refrigerant  strainer  is  ideniical  to  the  FCU-A  healed  refrigerant 
strainer  (Items  24  and  37,  reflectively,  in  Figure  XIO).  The  defrost  refrigerant  will  not  be 
able  to  flow  through  the  FCU-T  defrost  refrigerant  pressure  regulator  Otem  17inRgure 
2.10)  unless  thesaturaiedpressure  of  ihedefrostrcfrigeranireaclies70psig,  whichislhe 
preset  inlet  pressure  value  of  this  regulator.  The  FCU-T  defrost  refrigerant  pressure 
regulator  is  identical  to  the  FCTJ-A  healed  refrigerant  pressure  regulator  (Items  17  and  36. 
respectively,  in Rgure 2. 10).  ThisFCU-Tdefrostrefrigenintpressureregulaiordiem  17) 
starts  to  open  at  that  atureied  pressure  value  (70  psig)  and  modulates  the  defrost 
refrigerant  flow  lothedefrosirefrigeraniseparaior  (Item  34  in  Figure  2.10).  The  FCU-T 
defrost  refrigerant  pressure  regulator  closes  when  the  saturated  pressure  of  the  defrost 
refngerant  at  ns  inlet  drops  below  70  psig.  This  pressurizing  process  is  needed  here  to 
hold  the  defrost  rcfrigcraniinsideiheFCU-TfinnedtubesforasuiBbleperiodofiimeui 
order  to  confirm  and  speed  the  removal  of  all  the  frosiaccumuiaied  on  the  finned  tubes 
and  also  to  dry  out  the  finned  lubes. 

A schematic  showing  the  FCU-T  operating  under  the  refrigeration  mode  can  be 
seen  in  Rgure  B.l.  while  a schematic  showing  the  .same  unit  operating  under  the  hot-gas 
defrosting  mode  can  be  seen  in  Figure  B.2.  In  these  schematics,  the  refrigetant  flow 
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<litecuona  and  the  condidons  of  the  solenoid  valves  are  clearly  idemified.  During  the 
FCU-T  refrigeration  mode,  the  FCU-T  liquid  line  solenoid  valve  and  the  FCU-T  wet 
return  slop  solenoid  valve  are  both  open  (llemsland  IS.respeeuvely.inFigureB.l), 
while  the  hot-gas  defrost  solenoid  valve  and  the  defrost  refrigerant  solenoid  valve  are  both 
closed  atems  3 1 and  6.  respectively,  in  Figure  B.  1 ),  During  the  FCU-T  hot-gas  defrosting 
mode,  the  FCU-T  liquid  line  solenoid  valve  and  the  FCU-T  wet  renim  stop  solenoid  valve 
are  both  closed  (Items  2 and  15.respectively,inFigureB,2).whileihehot-gasdeffOSt 
solenoid  valve  and  the  defrost  refrigeranisolenoid  valve  are  both  open  Oteras  31  and  6. 
respectively,  in  Figure  B,2), 

After  passing  ihrough  the  FCU-T  defrost  refrigerant  pressure  regulator  (Item  17  in 
Rgure  2,10),  the  defrost  re&igcrant  will  flow  into  the  defrost  refrigerant  separator  <liem 
34  in  Rgure  2.101  which  works  as  a liquid-vapor  separator.  This  separator  is 
manufacnired  in  house  and  is  shown  in  Rgure  B.3,  Die  vapor  leaves  the  top  of  the 
separaior,  where  then,  ii  passes  ihrough  the  defrost  orifiee  meter  and  a hand  operaled 
thronling  valve  atems  33  and  27,  respectively,  in  Rgure  2,10).  The  liquid  leaves  the 
bottom  of  the  separator,  where  then,  it  passes  through  the  high-side  float  valve  and  the 
liquid  refrigerant  isolation  valve  Oieras  53  and  45,respeciivcly.in Figure  110).  After 
leaving  the  liquid  refrigerant  isolation  valve  atom  45),  the  liquid  refrigerant  mixes  with  the 
vapor  refrigerant  coming  from  the  hand  operaled  throttling  valve  (Item  27)  before  it 
connecu  lo  the  l-3/8"OD  main  wet  return  line. 

The  defrost  orifice  meter  is  identical  to  the  hot-gas  orifice  meter  (Hems  33  and  32, 
respectively,  in  Figure  110)  and  is  manufactured  in  house  (model  M2).  It  is  used  to 
: of  the  refrigerant  vapor.  The  high-side  float  valve  (Hera  53  in 


:mass  flow  I 
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Figure  2.10)  is  manufacuire4  by  Vilier  Msnufscturing  Corporeiion  (model  number 
KT1018)  and  is  used  10  provide  a liquid  seal  co  the  bottom  outlet  of  the  defrost  refrigemu 
separator,  otherwise,  some  vapor  refrigerant  could  exit  from  the  bottom  outlet  of  the 
latter  at  the  late  stages  of  the  FCU-Thot-gas  defrosting  mode.  Having  a liquid  seal  to  the 
bottom  outlet  of  the  defrost  refrigeiani  separator  is  imponahl  in  order  to  confirm  the  flow 
of  all  the  vapor  reWgerant  through  the  defrost  orifice  meter  (Item  33)  for  a correct  vapor 
flow  measuremem. 

A vent  line  connecting  the  top  of  the  high-side  float  valve  to  the  defrost  refrigerant 
line  upstream  of  the  defrost  refrigerant  separator  (item  34)  can  be  seen  In  Figure  2, 10, 
"riiis  vent  line  is  needed  to  equalize  Ihe  vapor  pressure  inside  Ihe  high-side  float  valve. 
The  defrost  refrigerant  and  liquid  refrigerant  isolalion  valve,s  (Items  46  and  45, 
respectively,  in  Figure2,10)ateideniicalSupcrior  ball  valves  (model  number  586W-8ST). 
■niese  valves  along  with  a Superior  hand  operated  throttling  valve  fltem  27  in  Figure  110; 
model  number  216-lOST)  are  employed  in  the  system  in  order  to  be  able  to  isolate  the 
defrost  refrigerant  line  and  its  components  for  service  and  maintenance.  Iliese  valves  are 
to  be  fuUy  open  When  the  system  is  in  operation,  and  should  be  closed  when  the  system  is 
shut  down  in  order  to  prevent  the  refrigerant  from  migrating  to  the  main  wet  teuim  line. 
A picture  of  Utcde&osl  refrigerant  line  and  its  components  is  shown  in  figure  B.4.  where 

the  FCU-T  defrost  refrigerant  strainer  and  the  FCU-T  defrost  refrigerant  pressure 
regulator  are  seen  in  the  center  of  the  piciura.  The  high-side  float  valve  is  also  seen  to  the 
left  of  the  strainer.  whUe  the  defrost  rcfngetam  separator  is  seen  at  the  upstream  right  of 
the  pressure  regulator. 
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Figure  B.4.  DeCrosi  rerrigeninc  line  and  its  componems 
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All  Lhe  tcfri|trem  conneciions  iq  the  l-3/8"ODnuunweiiEtumUie.ihaiwei« 
(lisciused  before,  will  lead  the  leftigennl  to  proceed  inside  the  main  we(  leium  line  umll  it 
enters  die  load  compensation  unit  (LCU)  as  can  be  seen  in  Figure  2.10.  1216  lefrigetmt 
will  pass  ihrovigb  die  LCU  wet  retuinisolaiion  valve  (Item  40  in  Figure  2.10)  before  it 
enters  die  LCU.  TOs  isoladon  valve  is  a ball  valve  manufactured  by  Superior  valve 
company  (model  number  592WA-13ST)  and  is  always  kept  open  (only  closed  when  Die 
load  compensation  unit  is  in  need  of  service  and  maintenance).  The  load  compensation 
unit  is  a pressure  vessel  usedasaUquid  refrigerant  vaporlzerinorderiacompensate  for 
the  hot-gas  required  during  the  FCU-T  hot-gas  defrosting  mode.  The  LCU  also  serves  as 
a liquid  refrigerant  storage  drum  and  a liquid- vapor  separator  (Siocckcr  1988). 

As  the  wet  return  enters  the  LCU.  its  vapor  leaves  the  top  of  lhe  LCU  through  the 
2-l/8"OD  main  suction  line  and  passes  through  the  LCU  suction  line  isolation  valve  and 
the  LCU  pressure  regulating  valve0teois42  and  13,  respectively,  in  figure  2.10)  before 
entering  the  condensing  unit.  The  Uquld  refrigejant  accumulates  inside  the  LCU  until  its 
level  reaches  the  liquid  overfeed  outlet,  where  then,  the  overfeed  liquid  leaves  the  LCU 
through  the  l-l/8"OD  liquid  line  and  passes  through  the  LCU  liquid  line  isolation  valve 
and  a schradcr  valve  (Items  44  and  49.  rcspeetively.  in  figure  2.10)  tefore  entering  the 
surge  drum.  A 7/8"OD  drain  line  connects  the  bottom  of  the  LCD  with  this  liquid  line  at  a 
poim  upstream  of  the  schradcr  valve,  where  the  LCU  drain  line  valve  (Item  43  in  figure 
2-10)  is  installed  on  this  drain  line.  12iisLCUdnunvalveisalwaysclosed.andon)y 
opens  when  iheieisaneedtoevacuatc  iheLCUfor serviceandmainienance.  Thevapor 
inside  the  surge  drum  leavcsthctopof  thelauer  through  the  l-l/4"ODsuciionlineand 
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passes  ihrough  Uiesune  arum  suclion  line  isolaiioa  valve  (liem  41  in  Rguie  2,10)  before 
it  coimecis  wiUi  ihc  main  sucUon  line  as  can  be  seen  in  Figure  1 10. 

The  surge  dnim  and  ihe  LCU  suciion  line  isolation  valves  along  wiili  die  LCU 
drain  line  and  liquidlincisoladon  valves<liems41.42,43and44,R!spectlvely,  InRgure 
2.10)  are  all  ball  valves  and  arc  mnnufaciiued  by  Superior  valve  company  (model  numbers 
592WA-13ST,  594WA-21ST,  587W.14ST  and  59IWA.UST,  respecuvely).  Tlie 
isolation  valves  (Items  41,  42  and  44)  are  always  kept  open  when  the  system  isin 
operation,  and  are  only  closed  when  the  system  is  shut  down  in  order  to  store  the  bquid 
refrigcram  inside  UieLCU.  Tlieschradcrvalve(Iiem49inR|ute2.10)isusedssa|age 
port  to  read  the  pressure  of  the  liquid  line,  and  is  also  used  to  charge  and  discharge 
refrigerant  from  the  system  (Piia  1991;  Whitman  and  Johnson  1991) . 

A S/g'OD  liquid  refrigerani  bypass  line  connecu  Ihe  main  liquid  line  from  a point 
upstream  of  the  turbine  flow  meter  atom  30  in  Rgure  2-10)  to  the  main  wetreitini  line  at 
a point  downsueam  of  the  LCU  wet  return  isolation  valve  (Item  40  in  Rgure  2. 10).  A 
hand  operated  throttling  valve  (Item  29inFigura  2.IO)isinsiailedonlhisliquidbypass 
line.  This  Superior  hand  operated  throttling  valve  (model  number  255A-8S)  is  used  when 
needed  to  adjustihe  pressure  and  lempcianire  of  the  wet  reium  going  to  the  LCU. 

The  LCU  pressure  legiilaiing  valve  « manufacuired  by  Spmlan  Valve  Company 
(model  number  ORIT-20-(V7S)  and  has  the  capability  of  operating  at  pressure  drops  of 
less  than  one  pound  per  square  inch.  This  valve  is  sensitive  only  lo  its  inlet  pressure, 
where  It  throttles  lo  open  as  its  inlet  pressure  rises  above  a preset  minimum  LCU  pressure 
value,  and  throttles  to  close  as  its  inlet  pressure  drops  toward  the  preset  value.  The  valve 
will  be  fiiOy  closed  when  themletprcssureisequaiioorlowerthan  ihepreseiminimuin 
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LCU  piEisure  vaJue  (Sportui  1991a).  Therarore.  ils  function  is  nono  hold  a consiam 
LCU  pressure,  but  to  prevent  a minimum  LCU  pressure  from  occmnni  aomczyi: 
1996b). 

The  LCU  pressure  regulating  valveisapilotoperaicd  valve,  where  ilhasasmall 
pUoc  valve  attached  on  top  of  the  main  valve.  The  pilot  valve  has  an  exiemal  equalizer 
connection  of  1/4"  OD  which  connects  the  pilot  valve  with  the  LCU  suction  line.  The 
pilot  valve  also  has  a hlccd  orillce  which  leads  to  the  main  suction  line  through  an  outlet 
connection  of  1/4"  OD.  The  LCU  pressure  regulating  valve  is  an  exietnaliy  adjustable 
type  valve  that  utilizes  an  adjusting  screw  and  spring  assembly  to  preset  a niinimura  LCU 
pressure  value,  where  the  pressure  adjusnnem  ranges  front  0 to  75  pstg.  The  LCU 
pressure  regutadng  valve  is  employed  with  a pressure  lap  on  its  inlet  connection,  which 
allows  the  use  of  a pressure  gage  to  check  the  setting  of  the  inlet  pressure  (Sporlan 
1991a). 

The  LCU  pressure  regitlaiing  vnlveisoperatedhy  ihepowerof  ihehoi-gas' high 
pressure.  The  hot-gas  enters  the  valve  through  the  pilot  valve’s  hot-gas  inlet,  where  the 
latter  is  equipped  with  a strainer  to  protect  the  pilot  assembly  from  potential  dirt  (Sporlan 
1991a).  The  hoi-gas  is  supplied  to  the  pilot  valve  by  opening  the  hand  operated  throttling 
valve  aiem  20  in  Rgure  2.10)  located  on  a l/4"OD  pilot  line  extending  from  the  main  hot- 

gas  linelothepi]otva]ve'shoi-gasinleiascanbeseeninRgum2.10.  The  LCU  pressure 

regulating  valve  is  a noimally-opened  valve  that  operates  in  a mechanism,  where  it  is 
closed  by  the  hot-gas  pressure  bleed  on  the  top  of  the  main  valve  piston  as  long  as  the 
LCU  pressure  is  equal  to  or  beiow  the  valve  setting.  LCU  pressure  regulating  valve 
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opens  when  ihc  LCU  pressure  is  above  the  valve  seiung  by  veniuig  the  hot-gas  through 
the  bleed  orTice  of  the  pilot  valve  and  out  to  thcsucUon  line  (Sporian  1991a). 

The  hand  operated  throiUing  valve  (Iicm  20  in  Rgure  2.10)  is  manufactured  by 
Superior  valve  company  (model  number  254A-4SI  and  must  be  kept  open  as  long  as  the 
system  is  in  operation  in  order  to  supply  the  hot-gas  lo  the  pilot  valve  of  the  LCU  pressure 
regulating  valve.  ThisthrottUng  valvemustbcclosed  wbenserviceandmaimenanceare 
needed  for  the  LCU  pressure  regulating  valve.  It  is  also  closed  for  system  pump  down 
control,  since  closing  the  throttling  valve  will  release  the  hot-gas  pressure  on  the  top  of 
the  main  valve  piston  of  the  LCU  pressure  regulating  valve,  which  in  rum  keeps  the 
regulating  valve  open  during  the  pump  down  process  (Sporian  1991b). 

As  can  be  seen  in  Figure  2.10,  Ihere  are  five  sight  glasses  and  seven  vitaation 
isolators  installed  in  the  piping  system.  The  sight  glasses  are  used  lo  indicate  the 
conditicfls  of  the  liquid  refiigeranu  while  Oie  vibration  isolators  arc  used  to  reduce  the 
eSecis  of  the  compressor  and  motor  vibrations  on  the  other  piping  system  components. 
AU  the  suction  lines  have  been  insulated  with  3/4"  thick  Rubaiex.  while  the  main  liquid  line 
is  only  insulaied  from  the  liquid  refngerant  outlet  of  the  surge  drum  up  to  the  turbine  flow 
meicr  (Item  30  in  Figure  2.10)  with  3/4"  Ihick  Rubates. 


APreNDIXC 

DESCRIPTION  OF  THE  COMPRESSOR  CAPACrTV  CONTROL  SYSTEM 


■Rie  compressor  capacity  control  system  is  described  here  with  reference  to  Figure 
2.10  and  Ta^  2.1  in  Chapter  2.  The  system  is  employed  in  this  rctrigeretion/deODst 
system  in  order  to  protect  the  compressor  from  low  suction  pressure  and  high  suction 
temperature  situations.  This  system  is  rapiescnicd  by  a I/2"OD  hoi-gas  bypass  iinc 
connecting  the  main  hot-ges  line  with  the  main  suction  line,  and  a l/2"OD  lk)uid 
refrigerant  bypass  line  connccbng  the  main  liquid  refrigerant  line  with  Uie  main  suction  line 
as  can  be  seen  in  Figure  2.10.  In  the  case  of  a low  suction  pressure,  the  hot-gas  bypass 
line  is  used  to  raise  the  suction  pressure  by  flowing  hot-gas  to  the  suction  line.  In  the  case 


of  a high  suction  temperature,  the  liquid  refrigerant  bypass  line  is  used  to  drop  the  suction 
lempemmre  by  flowing  bquid  refrigcram  to  ihe  suction  liius. 

The  hot-gas  flows  inside  the  hot-gas  bypass  line  at  a point  upstream  of  the  piercing 
vaJve  (liem  54  in  Hgure  2.10).  where  then  it  passes  through  ihe  hot-gas  bypass  solenoid 
valve  and  ihe  hot-gas  discharge  bypass  valve  atems  9 and  10.iespectively.inFrgure2.10) 
before  It  connects  with  the  main  suction  iinc.  TTie  hot-g«  bypass  line  connects  with  the 
main  suction  lioe  at  a point  upstream  of  ihe  oil  rich  refrigerant  line  connection.  The  liquid 
refrigerani  flows  inside  the  Itqutd  refrigeram  bypass  line  ai  a point  downsueam  of  ihe 
Schrader  valve  (Item  48  in  Figure  2.10),  where  then  ii  passes  through  tire  liquid  bypass 
solenoid  valve  and  ihe  desuperheating  thetmosiatic  expansion  valve  lliems  1 1 and  12. 
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respeclivcJy.  in  Figure  2.10)  before  iiiees  with  the  hm-gus  bypass  line  on  iis  way  lo  the 
main  suction  line. 

The  hni-gas  discharge  bypass  valve  and  the  desuperheating  ihetmctsiaUc  expansion 
valve  are  both  externally  equalized  valves,  where  each  valve  is  equipped  with  a l/4"OD 
external  equalizer.  The  hOFgas  bypass  valve's  external  equalizer  lees  with  the  other 
valve's  external  equalizer  before  it  connects  with  the  main  suction  line  at  a point  closer  to 
the  condensing  uniiasshownin  Figure  2.10.  The  desuperheating  thermostatic  expansion 
valve  is  employed  with  a sensing  bulb  located  on  the  main  suction  line  upstream  of  the 
equalizer  connection  (Sporlan  1992)  and  downstream  of  the  oil  rich  refrigerant  line 
connection. 

The  hot-gas  bypass  solenoid  valve  (Item  9 in  Figure  2.10)  is  manufatuired  by 
Sporlan  Valve  Company  (model  number  B10S2)  and  is  a ncumally-closed  valve  that  is 
energized  lo  open  as  long  as  the  refrigeration/defrosi  system  Is  in  operation.  This  valve  is 
de-energized  lo  close  when  the  system  is  shut  down  or  during  system  pump  down  process 
in  nrder  to  prevent  the  (low  of  hot-gas  lo  the  main  suction  line. 

The  hot-gas  discharge  bypass  valve  (Item  lOinFiguie  2.10)ismanufaciuredby 
Sporlan  Valve  Company  (model  number  ADRPE-3)  and  is  used  lo  preveni  the  suction 
pressure  from  dropping  to  a low  value.  It  is  a fully  adjustable  type  valve  which  offers  a 
spring  assembly  for  pressure  adjustment  purposes  in  ihe  range  of  0 to  80  psig  (Sporlan 
1994b).  nils  valve  throttles  to  open  as  the  suciion  pressure  drops  below  the  preset 
opening  pressure  value,  and  throlUes  to  close  u the  suciion  pressure  rises  toward  the 
preset  opening  pressure  value.  The  valve  will  be  fuDy  closed  when  the  suction  pressure  is 
equal  to  or  higher  than  the  preset  valve  opening  pressure  value.  The  Dow  of  Ihe  hot-gas 
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to  the  main  suction  line  will  raise  the  suction  pressure  in  onto  lo  comm!  the  compressor 
capacity,  while  ihis  process  might  ovtiheatihecompressor  becauseof  the  highhot-gas 
temperature.  The  roie  of  the  desuperheating  thermosiaiic  enpansion  valve  comes  here, 
where  ii  will  pass  liquid  refrigerant  to  the  main  suction  line  in  order  to  drop  the  suction 
lemperauire  (Spoiian  1994bl. 

As  can  be  seen  in  Rgurc  2.10,  the  hougas  bypass  line  is  also  bypassed  by  a 
l/2"OD  hoi-gas  line  that  has  a hand  opetaied  throuling  valve  installed  on  it  (Item  23  in 
Rgure  2.10).  This  valve  is  manufactured  by  Superiorvalveeompany  (model  number 
235A-8S)  and  is  used  to  ptovide  hot-gas  to  the  main  suction  line  when  there  is  a sudden 
drop  in  the  sucUon  pressure  or  when  the  suction  pressure  drop  is  more  than  what  the  hot- 
gas  discharge  bypass  valve  can  handte. 

Hie  liquid  bypass  solenoid  valve  aiem  11  in  Rgure  2. 10)  is  manufaitured  by 
Sporlan  Valve  Company  (model  number  E9S240)  and  is  a noimally<liBed  valve 
energUed  to  open  as  long  as  Ihe  sysiem  is  in  operalion.  This  valve  is  de-energized  to 
close  when  the  sysiem  is  shut  down  or  during  sysiem  pump  down  In  order  lo  prevenuhe 
flow  of  liquid  refrigerant  ui  ihc  main  sucUon  line. 

The  desuperheating  iheimostnUc  espaiision  valve  (Item  12  in  Rgure  2.10)  is 
manufactured  by  Sporlan  valve  company  (model  numberEGVE-l-l/2-Z)andisused  to 
maintain  a certain  amount  of  superheat  in  the  main  suction  line,  where  the  valve  Is 
employed  with  an  adjustini  stem  and  spring  assembly  for  ihai  purpose  (Spoftan  1993b). 
This  comrol  valve  is  employed  with  a thcimostaiic  element,  which  is  a sensing  bulb 
connected  to  the  top  of  the  valve  diaphragm  by  a capillary  rube.  The  sensing  bulb  is  filled 
with  a thermostatic  charge  (type  2)  sensitive  to  the  suction  temperature 


(Sporlan  1993b). 
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The  operafing  mechaiiigti  of  (be  desuperhealing  ihermosiaijc  expansion  valve  is 
basc4  on  three  pressures  aciin|  on  the  valve’s  diaphragra.  The  spring  and  the  equalizer 
pressures  are  the  two  pressures  acting  undcrnealh  the  diaphragm  in  order  to  close  the 
valve.  The  spring  pressure  is  the  adjustabie  pressure  by  the  sienuuid  ^ring  asserebiy, 

whiie  the  equalizer  pressure  is  the  sucUon  pressure.  The  third  acting  pressure  is  that  of  the 
sensiiig  bulb  which  is  acUng  on  the  top  of  the  diaphragm  in  order  to  open  the  valve,  where 
this  pressure  is  a function  of  the  thermostatic  charge  temperature.  When  the  valve  is  in 
operation,  the  t^iening  pressure  must  equal  the  closing  pressure  in  order  to  maintain  the 
desired  amount  ofsupertical  in  the  main  suction  iine  (Sporian  1993a). 

The  sensing  bulb  has  a length  of  3.5"  and  an  outside  diameier  of  0-5~.  whiie  it  is 
connected  to  the  desuperheating  ihennosiatic  expansion  valve  by  a 5-fooi  standard 
c^illary  tube  of  ]/8~OD  (Sporian  1993b).  When  the  suction  temperature  rises,  (be  heat 
transferred  from  (be  main  suction  line  lo  (he  attached  sensing  bulb  increases  the 
thermostatic  charge  pressure  within  the  bulb  which  causes  the  valve  to  and  the  liquid 
refrigerant  to  flow  to  the  main  suction  line  in  order  to  bring  back  the  desired  amount  of 
superheaL  On  the  other  hand,  when  the  suction  temperaiurc  drops,  the  ihennostntic 
charge  pressure  drops  with  it  and  causes  the  valve  cither  to  modulate  or  to  shut  off 
depending  on  how  low  the  drop  in  the  superheat  level  was  (Sporian  1993a). 


APPENDIX  D 

DESCRIPTION  OF  THE  ARTIFICIAL  LOAD  GENERATION  SYSTEM 

The  aniRcial  load  gencmion  sysiciD  is  described  here  wUh  reference  (o  Figure 
2.23  and  T^le  2.5  in  Chaplet  2.  U is  designed  lo  provide  the  treeaer  with  the  required 
load  in  order  (o  be  able  to  manipulale  the  value  of  (he  load  sensible  heal  ratio  (LSHR) 
inside  the  freezer  during  (he  (eshng  period.  Tliis  artiTicial  load  generaiion  sysiein  provides 
both  sensible  and  laieni  loads. 

The  generaiion  of  (he  sensible  heal  toad  is  provided  by  an  electric  duct  heater  with 
integral  limiiconiroloianufacturedby  Warren  Technology  (model  number  HO- 10.00-16  a 
16)  with  a total  capacity  of  10  hW  (Item  78  in  Figure  2.23).  This  healer  is  a S-siep  heaier 
where  each  step  is  2000  Watts.  This  heaier  is  power  conlroUed  by  an  Omega  silicon 
comroUed  rectifier  (model  number  SCR73Z-230-M)  which  is  an  eatreraely  fasi  controller 
capable  of  controlling  the  required  sensible  load  selling  to  be  provided  to  die  freezer.  'Hiis 
controller  can  be  operated  by  a computet,  since  the  conirollcr  can  accept  input  signals  of 
4-20  mA.  as  well  as  manually  as  It  is  employed  wiih  a manual  module  and  a remote 
poientiomeier  (Omega  1992a:  1993). 

The  artificial  laieni  heat  load  isgencraied  by  the  water-vapor  generator  (WVC) 
shown  as  Item  77  in  Figure  2.23.  City  water  is  allowed  to  flow  into  ihc  system  by  opening 
the  hand  operated  line  valve  fliem  70  in  Figure  2.23).  where  the  waier  staru  to  fill  die 
McMasier-Catr  polyethylene  water  tank  (model  number  3754K71).  The  tank  has  a 
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capacity  of  S gaUonsaiuliisdiiiKnsioasarc  16'Xx  10"Wz  3''H,andUemployed  wiiba 
brass  float  valve  (model  number  4607K41)  to  protect  the  tank  from  overflow  (McMaster- 
Carr  1996). 

The  water  then  (lows  to  an  electronic  diaphragm  metering  pump  (Item  72  in  Figure 
2.23)  which  is  manufactured  by  LMI-MlLTON-ROY(modelnumbcrA751-95T).  The 
pump  capacity  ranges  from  0.63  to  63  milliliter  per  minute,  where  Us  maximum  captutity 
per  day  is  24  gallons.  This  metering  pump  has  an  adjustable  speed  which  ranges  from  5 (o 
100  strokes  per  minute,  while  iialsohasanadjusiablesiroke  lengihthuranges  fromOio 
100%  (Cole-Paimer  1995).  A picture  of  the  electronic  diaphragm  metering  pump  is 
^own  in  Rgure  D.l.  The  metering  pump  can  be  operated  manually,  where  by  adjusting 
the  frequency  and  the  stroke  lengUi,  the  pump  will  provide  Uieexactamouniof  water  at 
Ihe  desired  flow  rate  in  order  lo  generate  the  required  latent  heat  load.  This  pump  can 
also  be  operated  by  a computer  since  it  is  employed  with  a Mrcropace  analog'tO'drgilal 
convener  (model  number  MP-lOO)  which  is  an  auiomaiiccomroileclhatcan  receive  an 
inpul  analog  signals  of  4-20  laA  This  will  allow  Ihc  compuier  to  adjusuhe  metering 
pump  to  discharge  the  required  amouni  of  water  lo  the  water-vapor  generator  (Item  77  in 
Rgure  2.23). 

The  waier  flows  through  two  check  valves  (Items  73  and  74  in  Rgure  2,231  after  il 
leaves  Uie  racieiing  pump.  These  valves  serve  the  purpose  of  prevening  Ihe  backflow  of 
water  to  die  metering  pump.  The  rusicheck  valve  Oiem  73)isan  injecUon  valve  dial  is 
part  of  ihe  meiering  pump  assembly,  while  the  othercheck  valve  (Iiem  74)  isaSuperior 
vaive  (model  number  802B-6S).  A Sporian  waier  feed  solenoid  valve  (model  number 
ESS130)  is  locaii!dbctwBenilieSupetiorcbeckvalve(ltem74)andlheWVG(Iiera77). 
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Figure  D.l.  Eleciroaic  diaphragiD  meieiing  pump 
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This  nomiaUy<l(»ea  solenoid  valve  (liein  76  in  Figure  2.23)  is  ener|ized  ui  open  when 
water  Is  needed  to  supply  the  WVG,  and  dc-enersized  to  close  otherwise. 

The  WVG  is  a liquid-injection  type  water-vapor  genctaior.  It  is  a 1/4"  thick  steel 
constructed  vaporiser  that  has  a lectaogular  shape  itnd  inside  dimensions  of  27"L  < S 
X 1.5”H.  The  vaporizer  is  equipped  with  three  heating  elentenu  strapped  to  its  sides  and 
bottom,  and  each  heating  element  works  at  700  Waus  and  240  Volts.  The  vaporizer  with 
its  three  healing  elementsare  insulated  with  a r thick  high  temperature  insulalor,  and  are 
all  enclosed  in  an  1 8 gage  galvanized  sheet  metal  housing.  The  overall  dimensions  o(  the 
WVG  housing  ate  32"L  x ThV  a 6"H.  A picture  of  the  water-vapor  generator  is  shown  in 
figure  D-2- 

As  can  be  seen  in  Figure  2.23,  the  water-vapor geneiaiorisalsoequippedwitba 
Uiermometer.  a thermostat  and  a pressure  relief  valve.  The  thermometer  is  an  Ashcroft 
thermometer  (model  number  2A609)  that  has  a reading  range  of  50  to  550*F.  The 
thermostat  is  a Vulcan  Calsiaithermustatfniodel  number  ICl<r9)ihaihasanodjustabie 
temperatute  range  of  -100  to  600*F,  where  its  adjusting  screw  is  used  toadjusube 
thermostat  to  the  desired  set  point  (Vulcan  19921.  The  pressure  relief  valve  is  a Grainger 
valve  (model  number  5Z763)  that  has  a cracking  pressure  range  of  0 toOOpsig.  Hie 
OBckini  pressure  can  be  adjusted  to  the  desired  set  point  using  the  valve’sadjusimenl 

The  water  injected  to  the  WVG  is  heated  to  the  desired  lemperanire  inside  the 
vaporizer  and  is  allowed  to  leave  the  WVG  as  steam  through  a 7/8"  cc^per  tube.  This 
copper  tube  passes  through  Ihe  freezer  waU  to  the  slcara  outlet  as  shown  in  Figure  2.23. 
The  process  of  injecUng  steam  to  the  freezer  occurs  whUe  the  lempetaiure  inside  ihe  latter 
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Figure  D.2.  Waler-vapor  generator 
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is  veiy  low  (below  O'F).  To  ptevenuhe  sieam  from  freezing  inside  ibe  copper  tube,  a 
Raychem  eicciric  healing  cable  lmodeliiutDlKfWjI-l2P)  is  wrapped  around  ihecopper 
tube  inside  ibe  freezer.  This  eleeme  beating  cable  is  12  feei  in  length  and  has  a voltage 
range  of  110-120  Volis  and  its  power  rating  is  5 Wosu  per  foot  on  apipeal40^F 
(Raychem  1994).  The  cc^per  tube  and  die  heating  cable  are  both  covered  by  a 3/4"  ihiek 
Aimafles  Insulation.  A "clean-up"  strip  healer  is  also  attached  to  the  bottom  of  the  steam 
outlet  in  order  lo  prevent  the  steam  from  freezing  ai  the  outlet  which  will  ihen  slop  the 
flow  of  sieam  lo  ihe  freezer.  The  snip  heaterhasavoliageratingof  120Vollsanda 
power  raling  of  130  Walls. 

The  artificial  load  generation  system  is  employed  wiih  a Dayton  blower  (model 
number  5C093A)  that  has  a wheel  of  10-5/8"  diameter  and  a width  of  8"  (Item  79  in 
Figure  2.23).  This  blower  is  used  todisiributeihelBient(steajti)and  ihesensible  beat 
loads  inside  the  freezer.  A picnire  of  the  artificial  load  generator  is  shown  in  Rgiue  D.3, 
where  Uic  blower  and  Ihe  steam  outlet  can  be  seen.  The  blower  is  operaied  by  a i/2-hp 
molor  that  is  mourned  to  ihe  body  of  the  blower  in  order  to  reduce  vibrations.  This  motor 
operates  at  four  different  speeds  and  has  a capacity  nf  1 550  efrn  when  Ibe  motor  is 
operaiing  at  a speed  of  1050  rpm  (Dayton  1992).  As  can  be  seen  in  Rgure  2J13.  the 
blower  discharges  the  air  through  a discharge  duel  ending  wiih  a grill. 

An  aittmaie  wnicr-vapor  generation  technique  has  also  been  tried  in  ihis  research. 
This  system  is  shown  in  Figure  2.23,  and  is  reprcsemed  by  the  Sporlan  soiennid  valve  and 
the  Omega  formed  ceramic  radiant  heater  (Items  75  and  80.  lespecQvely.  in  Figure  2.23) 
where  the  lauer  surrounds  a 2"OD  copper  tube.  This  tube  is  to  be  heated  and  is  extended 
inside  the  discharge  duct  on  both  sides  of  the  heater.  The  inside  bottom  of  the  2"OD  tube 
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FigiueD.3.  Anifidal  load  generator 
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U filled  wiUi  a bronze  wool  blankei  in  order  lo  absorb  ihe  injecicd  water  before  ii 
vaporizes.  HieSporlan  waurr  feed  solenoid  valve  (model  numberE3S130)  is  a normally- 
closed  valve  dial  is  energized  lo  open  when  water  is  needed  to  supply  ihe  copper  tube 
inside  the  ceramic  ndiani  heater,  and  de-energized  to  close  oiberwisc. 

lUe  Omega  formed  ceramic  radianilieaier(modeinuniberCRFC-312-24(K:)is 
used  for  pipe  heating,  since  it  has  a helkal  wound  healing  wire  etemeru  embedded  into  the 
formed  ceramic  fiber,  Tbe  ceramic  radiant  healer  has  a cylindrical  shape  with  a length  of 
12"  and  an  outside  diameter  of  S".  The  beater  Is  employed  with  unheaied  vestibules  on  its 
sides  which  cause  Ihe  inside  diameter  of  (he  heater  to  equal  2",  This  ceramic  radiant 
heater  operates  at  240  Volts  and  has  a power  rating  of  1400  Waits  (Omega  l»92a).  As 
can  be  seen  in  Rgure  2.23,  (be  water  Hows  from  the  solenoid  valve  (Item  73)  to  the  healer 
through  the  1/4"  copper  iitbe.  As  the  water  is  injected  inside  the  healed  2"OD  copper 
lube,  it  gels  absorbed  by  the  brooze  wool  blanket.  The  water  then  voporizes  and  leaves 
the  2"OD  copper  tube  from  its  right  extension  inside  the  disebarge  ducu  since  this 
extension  has  some  nozzles  on  it  to  let  the  steam  outio  the  freezer.  Tbe  left  exiension  of 
the  2"OD  copper  lube  inside  the  discharge  duct  is  bent  90*  in  a manner  that  allows  Ihe 
tube  ouUel  lo  face  the  discharge  section  ofthefan.  This  90‘ bend  wiU  allow  the  air  to 
flow  inside  the  2"OD  copper  tube  in  order  to  pick  up  the  steam  and  discharge  it  through 
(he  nozzles  of  Ihe  right  exiension. 


APPENDIX  E 
ORinCE  METERS 


Tbe  hoi-gai  ami  the  deftosi  orifice  mems  are  idendcal  and  are  manufactured  in 
house.  A schematic  describing  (he  shape  and  dunensions  of  the  orilice  meters  can  be  seen 
in  Figure  3. 17  in  Chapter  3.  Boih  orifice  meters  are  of  the  coneemric  type  with  sharp 
edges,  and  are  employed  with  a D-and-D/2  dtps.  Tbe  inside  diameter  (Di)  of  the  pipe  is 
0J2T'.  whUe  (be  ihroai  diameter  (DJ  is  0.2623".  Tbe  ratio  (P ) of  the  orifice  throat 
diameter  lo  the  pipe  inside  diameter  is  0 J. 

Die  two  rmfice  meters  were  tested  for  their  petfonnance.  hefotc  their  installation 
on  (he  piping  system,  by  forcing  compressed  air  through  them.  Tbe  data  from  the 
performance  tests  are  shown  in  Table  E.1.  where  these  data  have  been  curve  fmed  by 
POLFTT  polynomial  curve  fitting  program  (version  1.01)  from  Algor  Inieiacdve  System. 
Inc.  A polynomial  equation  has  been  developed  for  ihe  volumetric  flow  raie  as  a function 
of  (be  differential  pressure  across  Ihe  orifice.  This  fifth  order  polynomial  equation  is 
shown  below: 

V = Co  + (C|8P  )+{C25p’)+(Cja’’)+(C45P‘)  + (Cj«>^)  (El) 

V = Volumetricnowraicincubicfeeiperminuic(fl’/min) 
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SP  = DUTereniial  pressure  across  tie  oriflce  meter  in  inches  of  waicr  column 
differential  (Inches  WCD) 

C 's  s Poiynomial  coeflicienis.  and  are  shown  in  Table  £.2  (or  each  oriflce  meier. 


iwing  procedure  isusediocalculaleUiemassflow 


1-  From  the  measured  value  of  the  differentiol  pressure  across  the  orifice  nteiet. 
calculaic  the  volumeiric  flow  rate  (V)  of  the  refrigeranivaporincubicfeetpcr 
minute  using  Equation  (E 1). 

2-  Calculaie  ihe  local  averagevelociiyfVlinfeetperrainuteoftheiefrigerantvapor 
upstream  of  the  orifice  ttsln|  the  following  equation: 

V = V/A  (E^2) 


A = Inside  cross  sectional  area  upsiream  of  the  orifice  in  square  feet,  where  the 
Inside  diameter  (D,)  of  the  pipe  is  0.S2T’, 

3-  From  the  properties  of  R-22  refrigerant  vapor,  calculate  the  Reynolds  mirabei 
(Rep)as  follows: 

ft,fV/60KDi/12) 

^ (E3> 


= Derisiiyoflbe  refrigerant  vapor  abra/fi’) 
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Table  E.2.  Polynomial  Coefficiems 


-5.6170389* 


•7,6861261  « Iff' 
2.3729195*  10* 


= DyiamicviscosiiyoftherefrigcfamvT^xjrflbf  •sec/ft’) 


ge  = Coiiium  of  proportionaliiy  (312  fl  • Ilini/Ibf  • sec’). 

4-  CalcuUie  Die  dimensionless  Discharge  Cocffideni  (CjjofUie 
ihe  following  equalion  (Miller  1989:  ASME  1981): 


aeier  using 


Cj  = 0J959  + a0312p  2>-ai84p  * + a039r-^-a0158B  a + 

(l-B^)  " Ret,'’” 


(E.4) 


P - Rauo  of  the  orifice  throai  diameler  to  the  pipe  inside  diameten  B is  equal 

10  0.3. 

5-  Calculate  tl«  diinenalonlcss  Row  Coefficieoi  (K  ) of  (he  orifice  meter  using  the 
foQowing  equation  (Miller  1989;  Fox  and  McDonald  1992): 


Calculaie  die  mass  flow  raie  (tit,)  of  the  lefrigerani  v^»r  in  pounds  per  hour  using 
Ihe  following  equaiion  (ASHRAE  1993;  Fox  and  McDonald  1992); 
ih.  = 3600  (k  A B (8p,  12) ) ^ 


(Wr=  Densityofwaterdbm/fi’) 

6P  = Differential  pressure  across  the  orifice  meter  in  inches  of  wjuer  column 
diffcrenlial  (inches  WCD) 
g = Acceleraiion  of  gravity  (32,2  fi/sec’). 


APreUDDCF 

CALCULATION  PROCEDURE  FOR  THE  UQUID  REFRIGERANT 
MASS  FLOW  RATE 


A Sigoei  oatine  Row  me(er(iDO(fel  number  MK-S2S)  was  used  in  ihis  projeci  in 
to  measure  ihe  mass  flow  rale  of  ilie  liquid  re&igenuil.  Die  foUowini  procedure  is 


From  the  measured  flequency  of  ihe  outpuisijnais.caiculaietbemaaiminn  local 
veiocuy  (V„)  of  Die  liquid  refri|ecani  in  feel  per  second  using  the  following 
equation: 


(F.I) 


r = Measured  frequency  of  itie  output  signals  (Hz) 

Fb  = Calibration  factor  of  Die  tuibine  flow  meter  (15  Hz  per  fool  per  second) 
(Signet  1994), 

Knowing  that  the  raaaimum  local  velocity  (V„,^)of  the  liquidrefrigcraniislS* 
higher  than  the  local  average  velocity  (V)  of  the  liquid  tefrigeranl  (Sigirei  1994).  the 
following  equation  is  used  to  calculate  the  local  average  velocity  (VI  of  iheliquid 
refligerant  in  feet  per  minute: 


Las 


(F.2) 
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CalculsiE  ibe  i7iassnowraie(ib[,)oruie  liquid  nfrigeram  in  pounds  per  hour  using 
the  following  equation: 

iilL=60Vf^A  (F.3) 


Pn  = DcnsiiyoflheliquidiefrigeranKIbm/fl’l 
A = Inside  cross  sectional  ufua  of  ihc  pipe  housing  Uic  paddlewiieei  in  square 
feeu  where  the  inside  diaincieror  the  pipe  is  0.995". 


APPENDIX  G 
TESTING  raOCEDURES 


The  lesdng  proceduies  employed  ui  Ihis  bivesliguion  are  discussed  here  in  deull 
with  reference  lo  Figures  G.l  through  0-3.  These  procedures  wiU  cover  Ibeinidal 
posiiions  of  the  sysiem  valves  before  starling  up  the  system,  the  start  up  operating 
sequence  to  set  the  freezer  to  the  desired  testing  conditions,  the  operating  procedures  of  a 
complete  refrigeratioii/hot-gas  defrost  cycle,  and  the  shut  down  operating  sequence. 


Before  starling  up  the  system,  the  initial  posiiions  of  the  sysiem  solenoid  valves  are 
shown  in  Table  G.l.  while  the  initial  positions  of  the  gale  and  ball  valves  are  shown  in 
Table  G.2.  The  three  hand  operated  throiiUng  valves  (Items  3. 3 and  S in  Figure  G.l)  are 
partially  opened  to  their  preferable  opening  positions,  since  all  of  them  have  been  pre- 
adjusted  to  iheseopeningpositionsduiingtheirial  operationofihesyslem.  Theshul-off 
valve  (Item  30  in  Figure  G.l)  is  fully  opened  before  starting  up  the  system. 

G.2.  Selling  the  Psvehrometric  Room  to  the  Te«.n.  roniiiiiniit 
The  following  steps  of  operations  have  been  followed  in  order  to  set  the 
psychroraetric  freezer  room  lo  the  desired  tcsling  conditions: 
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Table  G-1.  Initial  Positiom  of  the  Solenoid  Valves 


Remafts 

FCU'T  Liniiirl  1 .ine  Soleiuviii  Valve 

PCU-A  Ueidd  Line  Solenoid  Valve 

Defrost  Refneenm  Snleooid  Valve 

Main  Hot-Gaa  1 ine  Solenoid  Valve 

Hot-Gas  Bvoass  Soleon>d  Valve 

Uauid  Bvnaas  Sniennid  Valve 

rcC-T  Wet  Renim  Stnn  Sotennid  Valve 

Main  I inuid  line  Si^noid  Valve 

m Return  Solenoid  Valve 

Hoc-Gas  Defrost  Solenoid  Valve 

FCU-A  Wei  Return  Slno  Solenoid  Valve 

PCU-A  Melt  Solenoid  Valve 

PCU-T  Melt  Solenoid  Valve 

Drain  Solenoid  Valve 

Water  Feed  Soleiioid  Valve 

Water  Peed  Soknoid  Valve 

Item  76inFtture  G.3. 
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Table  C.2.  iniliaJ  Poailioiu  of  ihe  Gate  and  Ball  Valves 


Valve  Name 

Ronarits 

Hand  OomaiH  'nimnlino  Valve 

Hand  Ooereted  ThroiUlna  Valve 

Hand  OcemiKl  Thrmiliaa  Valve 

Hand  Ooented  Thmniiaa  Valve 

FuUvOnened 

IiemJOinFiaureG.l. 

Hand  Operated  Thmnlmp  Valve 

FuUv  Oosed 

Item  22inFipiireG  1 

Hand  Oneraied  Thmniiaa  Valve 

Hand  OoemiedThmnline  Valve 

FuUvOoxd 

Hand  Operated  Thitinlina  Valve 

Piillvr'IoeeH 

Sum  Drum  Luniid  l.ine  ianlannn  Valve 

LCU  Wet  Renim  Isolabon  Valve 

FuUvOoeiKd 

Suiae  Dnim  Suction  1 me  i«niarion  Valve 

Fullv  Closed 

LCU  Suction  Line  l.toladon  Valve 

FulIvCIoaed 

LCU  Drain  Line  Valve 

Fullv  Qosed 

LCU  Linuid  Line  Isolation  Valve 

FuUv  Clrivil 

Liouid  Refrieeram  Isolauon  Valve 

Fullv  Closed 

Defrost  ReCriFerant  Isolation  Valve 

Fullv  Closed 

Hand  Oneiaied  Tlimiilinv  Valve 

Fullv  Closed 

Hand  Ooerated  Line  Valve 

Fullv  Closed 

Item  70  in  Rrtire  G.3 

• These  valves  are  pre-adjusted  lo  prefcfalile  partially  opened  poaiiions  during  the 
trail  operadons  of  (be  system. 
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Duoresceiu  lamps. 

2-  Sol  the  demand  defrost  system  to  the  desiied  frost  thickness. 

3-  Set  the  digital  scale  to  zero  reading  (Item  63  in  Figure  Q.2). 

4-  Set  the  elecironlc  dtaphiagm  metering  pump  to  the  desired  water  moss  flow  rale 
(Item  72  in  Figure  Q.3). 

5-  Check  the  pressure  setting  of  the  condensing  unit  low  pressure  safely  switch  to  be  at 
IpsL 

6-  Turn  on  the  two  heating  ctdiles  along  the  edges  of  the  freezer  doors. 

7-  Open  fully  the  hand  operated  line  valve  (Item  70  in  Rgure  G.3). 

8-  Turn  on  the  heating  elemenu  inside  the  water-vapor  generator  (WVG).  while 
energizing  its  water  feed  solenoid  valve  to  t^ien  (Items  77  and  76.  respectively,  in 
Rgure  G.3).  Wait  uniil  the  temperature  inside  the  water-vapor  generator  reaches  a 
preset  value  then  continue  the  following  steps. 

9-  Open  fiiCy  the  hand  operated  ihrotiling  valve,  the  hqtiid  refrigerant  isolation  valve 
and  the  defrost  reftigcram  isolation  valve  (Items  27  , 45  and  46,  respecdvely.  in 
Figure  G.l). 

10-  Open  fully  the  hand  operated  Ihrotiling  valve,  the  sujge  drum  suction  line  isolation 
valve,  the  LCU  suction  line  isolation  valve  and  the  LCLl  liquid  line  isolation  valve 
(liems  22. 41,  42  and  44,  respectively,  in  Rgure  G.l). 

1 1-  Open  the  FCU-A  dampets  and  tutn  on  Die  dampers  frames  healing  cables. 

12-  Energize  the  FCU-A  liquid  line  solenoid  valve  to  open  (Item  4 in  Rgure  0.1)  and 
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Energue  ihe  main  liqLid  line  solenoid  valve,  the  main  hoi-gas  line  solenoid  valve  and 
(he  oil  rcium  solenoid  valve  to  open  ([(ems  18. 7 snd21,iespeciively,  inFigure 
G.l).  while  sianlng  (he  oil  pumpllicm  51  inFigiueG.l). 

Operaie  Ihe  FCU-A  under  iis  lerrigerauon  mode  by  sinning  die  condensing  unii  and 
(hen  immediaiely  sianing  ihe  liquid  lefhgerani  pump  (Hem  52  In  Figure  C.l). 
Energize  die  hoi-gas  bypass  solenoid  valve  and  ihe  liquid  bypass  solenoid  valve  to 
open  llicms  9 and  11  inBguieC.l). 

Keep  adjusting  die  four  hand  throitling  valves  (liems  22,  23. 29  and  47  in  Figure 
G.l)  and  the  surge  drum  suednn  line  isolaiion  valve  (Hem  41  In  Figure  C.l)  (o  dieir 
best  opening  and/or  closing  pcsiiions  umil  die  desired  sysiem  performance  is 
leached.  These  live  valves  should  always  be  checked  and  adjusted  once  die  sysiem 
performance  sians  lo  deviaic  from  die  desired  performance  in  order  to  bring  ibe 
system  back  lo  die  desired  performance. 

Keep  die  sysiem  running  until  die  desired  FCU-T  coil  emering  air  dry  bulb 
lemperarure  (EAT)  is  itached,  which  is  the  desired  testing  condilioninsideihe 

Ai  diis  point,  die  FCU-A  should  be  switched  lo  us  elecinc  defrosting  mode,  while 
starting  theFCU-Tinacomplete  reMgcratioii/hoi-gasdefrostcyclc.  TheoperaUon 
steps  required  will  be  cominiied  in  die  neni  section. 


In  urder  to  operaie  the  FCU-A  under  Uic  electric  defrasung  mode  and  starting  the 

FCU-T  in  a complete  reCrigeration/tiot-gas  defrost  cycle,  the  following  steps  of  operations 

have  been  followed  starting  with  step  number  19: 

19-  Energize  the  FCU-T  liquid  line  solenoid  valve  10  open  (Item  2 irt  FigumG.l}  and 
then  immediately  de-energize  the  FCU-A  liquid  refrigerant  solenoid  valve  to  close 
(liemain  Figure  G.l). 

20-  Slop  the  FCU-A  blower  and  immediately  operaie  the  RTU-A  under  Its  electric 
defrosting  mode  by  closing  the  FCU-A  dampers,  energizing  the  FCU-A  wet  return 
stop  solenoid  valve  to  close  (Hera  38  b Ftgure  C.  1 ),  turning  off  the  dampers  frames 
beating  cables  and  turrung  on  the  defrosting  bcoier  elements. 

21-  Turn  on  the  blower  (Item  79  b FigureG.3),iheheatcablc,andtbesuip  heaterof 
be  artificial  load  generator. 

22-  Begb  be  FCU-T  reftigeration/hot-gas  defrost  cycb  by  operating  be  FCU-T  under 
its  refrigeranon  mode,  niis  is  done  by  lurmng  on  be  electronic  diaphiagra  metering 
pump  (Item  72  b Rgure  G.3)  and  immediately  starting  be  FCU-T  tan. 

23-  Energize  be  FCU-A  melt  sobnoid  valve  to  open  (Item  60  b figure  G.2)  in  order  to 
collect  be  FCU-A  melt  b the  funnel. 

24-  When  all  be  FCU-A  mcll  has  been  collected  and  the  FCU-A  finned  tubes  have  dried 
out.  terminate  be  FCU-A  electric  defrosUng  mode  by  tumbg  off  the  ^frosting 
heater  eteraenis,  dc-energizing  the  FCU-A  wet  return  stop  solenoid  valve  to  open 
(Item  38  b Figure  0. 1 ) and  de-energizbg  the  FCU-A  mcit  solenoid  valve  to 


aiem  60  inFiguieG.2).  Keep  Uie  FCU-A  unluaded  unlU  ihe  FCU-T  sums  its  bo(- 
gas  defrosting  mode. 

25-  Measure  die  weight  of  the  FCU-A  mcll  using  the  digiuil  scale  (Item  63  in  Figure 
G.2)  and  then  energue  the  drain  solenoid  valve  (Item  62  in  Ftgure  C.2)  (o  open  in 
order  to  drain  all  the  melt 

26-  When  all  the  FCU-A  melt  has  drained,  dc-energije  the  drain  solenoid  valve  (Iiem  62 
in  Figure  G.2)  (o  close  and  set  the  digital  scale  (item  63  in  Figure  G.2)  to  the  zero 
reading  again. 

27-  Keep  the  FCU-T  operating  under  its  rctrigcration  mode  until  the  desired  frost 
thickness  is  reached.  At  this  point,  the  FCU-T  should  be  switched  to  its  hot-gas 
dehosting  mode,  while  starting  the  FCU-A  under  its  refrigeration  mode. 

28-  Turn  on  the  LCU  band  heaters  and  adjust  their  heating  load  to  70%  using  the  silicon 
controlled  rectifier,  while  the  electronic  diaphragm  metering  pump  (Item  72  in 
RgutEG.3)  is  turned  off. 

29-  Turn  off  the  blower  fliem  79  in  Rgure  G.3).  the  heat  cable  and  the  strip  healer  of 
the  artifidal  load  generator. 

30-  Open  the  FCU-A  dampeis  and  mm  on  the  dampers  frames  heating  caKes. 

31-  Begin  the  FCU-A  refrigetaiion  mode  by  energizing  ihe  FClf-A  liquid  line  solenrtd 
valve  to  open  (item  4 in  Rgure  G.l),  and  starting  the  FCU-A  blower.  At  the  same 
time  begin  the  FCU-T  hot-gas  defrostiog  mode  by  smppingtheFCXI-Tfan.de- 
energizUig  the  FCU-T  liqiiid  line  solenoid  valve  to  close  (item  2 in  Rgure  0. 1 ), 
energizing  the  FC2J-T  vret  return  stop  solenoid  valve  tocloseUtem  15  inRgure 
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G.I),  cnecgizinj  ihehoi-gasdeFrosisolenoid  valveioopendleni  31  inHguieG.l) 
und  ener|izing  the  defrost  rcfrigecani  solenoid  valve  10  open  (Item  6 in  Figure  C.l). 

32-  Energize  the  FCU-T  melt  solenoid  valve  to  open  (llcm  6 1 in  Figure  G.2)  in  order  to 
collect  the  FCG-T  melt  in  the  fuiuicL 

33-  When  all  the  PCU-T  melt  has  been  collected  and  Ihe  FCU-T  fumed  tubes  have  dried 
out.  lenninaic  the  FCU-T  hot-gas  defrosting  mode  by  de-energizing  the  hot-gas 
defrost  solenoid  valve  to  close  (Iiem  31  in  Figure  G.I).  de-energizing  the  defrost 
lefrigerani  solenoid  valve  to  close  (Item  6 in  Figure  G.I).  de-energizing  the  FCU-T 
wet  return  stop  solenoid  valve  to  open  (Item  15  in  Figure  G.I),  de-energizing  die 
FCU-T  melt  solenoid  valve  to  close  (Iieinblin  Figure  G.2)  and  turning  off  the  LCU 
band  heaters.  Keep  the  FCU-T  unloaded  until  the  FCU-A  sians  its  neat  electric 
de&osbDg  mode. 

34-  lileasuiE  the  weight  of  the  FCU-T  melt  using  the  digilaJ  scale  (Item  63  in  Rgute 
G.2)  and  energize  the  drain  solenoid  valve  (Item  62  in  Rgure  G.2)  to  open  in  order 
to  drain  ali  Ihe  melL 

35-  When  all  the  FCU-T  melt  has  been  drained. de-encrgizeihedrainsolenoidvalve 
(Item  62  in  Figure  G.2)  to  close  and  set  the  digital  scale  (Item  63  in  Figure  G-2)  to 

36-  Keep  the  FCU-A  operating  under  its  leftigeraiion  mode  until  the  previous  desired 
FCU-T  coil  entering  air  dry  bulb  temperature  (EAT)  Is  reached.  At  this  point,  one 
FCU-T  cefrigeration/hoi-ias  defrost  cycle  is  completed. 

37-  If  anodicr  FCU-T  refrigeratlon/hoi-gas  defrost  cycle  is  needed,  then  repeal  the 
operation  steps  19  to  36.  Olherwisc.  begin  the  last  FCU-A  electric  defrosting  mode 


and  icnDinaie  ii  while  proceeding  to  shm  down  ihc  sysiem  foUnwing  Die  operation 
sups  in  Ihc  nexi  seclion.  In  the  shul  down  process,  liic  refrigerant  wUlbe  stored  in 
the  LCU.  the  two  fan-coil  uiiiis.  and  the  receiver. 


G.4.  System  Shut  Down 

in  order  lo  begin  the  last  PCU-A  eleciric  defrosting  mode  and  icrminau  it  while 
proceeding  to  shut  down  the  Sirsicni.  the  following  steps  of  operations  have  been  followed 
stalling  with  step  nuniber38: 

3S-  Energize  the  FCU-T  liquid  line  solenoid  valve  loopen  (Iuni2inFigiiteG.l)and 
immedialely  de-energize  the  FGJ-A  liquid  refrigerant  solenoid  valve  to  close  (luin 
4 in  Rgure  G-1). 

39-  Slop  the  FCU-A  blower  and  Immediately  operau  the  FCU-A  under  its  electric 
defrosting  mode  ty  closing  the  FCU-A  dampers,  energizing  the  FCU-A  wet  return 
stop  solenoid  vaive  to  close  (lum  38  in  Figure  G.  I ),  turning  off  the  dampers  frames 
heating  cables,  and  luniing  on  the  defrosting  beater  elcmenis. 

40-  Start  the  FCU-T  fan. 

41-  Energize  the  FCU-A  null  solenoid  valve  to  open  (Item  60  in  Rgure  G.2)  in  order  to 
coiiect  the  FCU-A  melt  in  the  funnel. 

42-  Close  fuUyihetwohandoperaBdthroulingva]vcs(lums27and29inRgureG-l). 

the  bquid  refrigerant  isolation  valve  and  die  defrost  tefrlgeram  isolation  valve  (luras 


> and  46,  reflectively,  in  Figure  C.  I ). 
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43-  Close  fully  ihc  suT|e  Osum  suciion  line  isoluion  valve,  the  LCU  suction  line  isolation 
valve  and  the  LCU  liquid lineisolaiion valve (liemsei, 42 and 44. respectively. in 
Figure  G.l). 

immediaiely  mm  off  ihe  liquid  refrigerant  pump  and  the  oil  pump  (Items  52  and  51. 
le^lively,  in  Figure  0.1).  De-eneigiee  to  close  Ihe  main  hot-gas  line  solenoid 
valve,  the  main  liquid  line  solenoid  valve,  ihe  hot-gas  bypass  solenoid  valve,  the 
liquid  bypass  solenoid  valve,  the  oil  return  solenoid  valve  and  the  FCU-T  liquid  line 
solenoid  valve  (Items  7, 18.9, 11.21  and  2.  respectively,  in  Figure  0,1). 

45-  Close  fully  Ihe  three  hand  operated  throttling  valves  (Items  22. 23  and  47  in  Figure 
C.l)  and  Ihe  hand  operated  line  valve  ntem  70  in  Hgure  G.3). 

46-  Stop  the  FCU-T  fan. 

47-  Increase  the  pressure  setting  of  Ihe  condensing  unit  low  pressure  safety  switch  to  10 
psi.  This  will  cause  the  compressor  to  cycle  on  and  off  in  order  to  store  the  extra 
suction  line  refrigerant  into  the  receiver. 

43-  Wail  for  the  compressor  locycieonandoff  umilihe  limeof  thccompreasor'soil 
period  teaches  about  4-5  minutes.  At  (bat  insiani.  stop  the  condensing  unit  and 
reduce  the  pressure  selling  of  the  condensing  unit  low  pressure  safely  switch  bnclc  to 
IpsL 

49-  When  all  the  FCU-A  melt  has  been  collected  and  Ihe  FCU-A  finned  wbes  have  dried 
oul,  leiminaie  the  FCU-A  electric  defrosting  mode  by  turning  off  the  defrosting 
heater  elements,  de-energizuig  the  FCU-A  wet  remm  stop  solenoid  valve  to  open 
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(Item  3S  in  Figiue  G.I)  and  dc-cnerslzin|  Ihc  E=(3U-A  melisolenoid  valve  to  close 
aiem  50  in  Figure  G.2). 

50-  Measure  the  weight  of  the  FCG-A  melt  using  the  digital  scale  (Item  63  in  Figure 
C.2)  and  (hen  energize  the  drain  solenoid  valve  (Item  62  in  Figure  C.2)  to  open  in 
order  to  drain  all  the  melL 

51-  When  all  the  PCG-A  melt  has  been  drained,  de-energize  the  drain  solenoid  valve 
(Item  62  in  Fgure  C.2)  to  close. 

52-  Turnoff  Ihe  two  heating  cables  along  the  edges  of  the  freezer  doors. 

53-  Turn  off  the  healing  clemems  inside  the  water-vaporgeneratorfWVG),  andde- 
eneigize  its  waier  feed  solenoid  valve  to  close  (Items  77  and  76.  respectively,  in 
ngureaS). 

54-  Turn  off  the  electric  power  to  all  the  measuring  devices  and  the  freezer's  foor 
fluorescent  lamps. 


APPENDIX  H 

CALCULATION  PROCEDURE  FOR  THE  AVERAGE 
FROST  TEMPERATURE 

At  any  insiani  of  dne  dining  Die  FCU-T  refrigeniiioii  mode,  li  is  assumed  ihai  die 
frost  lemperaiure  (T, ) is  equal  lo  the  average  of  the  liquid  refjigemot  temperanuE  (LRT) 
entering  the  FCU-T  and  the  coU  refrigeram  lemperaiure  (CRT)  leaving  the  FCU-T.  In  this 
project,  an  average  consiam  single  value  forihe  frost  lemperauue  |Tf  „,)iscalculolcd 
for  every  nm  of  the  lefrigeiaiion/defrosi  system  under  a desired  testing  condition  of  a 
constant  FCU-T  coil  emcrlng  air  dry  bulb  temperature  (EAT). 

This  average  value(T(  „,)i5calciUatedbyaveragingihe  frost  temperatures  over 
all  the  FCU-T  reftigeration  modes  that  occur  during  the  operation  of  the 
lEfiigeraiion/defrost  system  under  a desired  testing  condition  of  a coosiani  FCU-T  coil 
enienng  air  diy  bulb  temperatuTe  (EAT).  The  following  procedures  are  used  to  calculale 

1 * CaJcuiaic  the  frost  lemperaiure  (Tj. } in  Fahrenbeit  for  every  measureioeni  of  the 
liquid  refrigerant  tempetaiure  (LRT)  entering  Uie  FCU-T  and  Die  coil  lefrigetant 
lemperaiure  (CRT)  leaving  the  FCU-T  in  every  FCU-T  refrigetauon  mode  using  the 
following  equation: 

(LRT  + CRT) 

Tf= 5 (H.I) 
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CakulBie  ihe  average  frosi  icmperaure  for  every  FCU-T  lefrigemion  mode 
(TV.sndcI  using  the  fol lowing  equaiioii: 


Toial  = Total  number  of  measiuemems  diinng  a single  FCU-T  tefrigeraiion  mode. 
Cakulaie  the  average  consuuu  single  value  of  the  frosucraperaiure  (T;  using 
the  following  equation: 

N (H-3) 


N = Total  number  of  FCU-T  refrigeration  modes  occurring  during  the  operation 
of  the  raftigenuionldefrosi  system  under  a desired  testing  condition  of  a 
constant  FCU-T  coil  entering  air  dry  bulb  teraperauire  (EAT). 
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